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Preface

I first became interested in the modeling of bomber

defense missiles (BDMs) after reading a 1969 article by

Clifford Fawcett and Chester Jones of ASD. In the article

they presented a model for estimating BDM contributions to

bomber effectiveness, asserting that no comparable models

existed at that time.

Because BDMs seemed to be an attractive option for

strategic bombers, I did a brief modeling survey, followed

by conversations with strategic analysts. This led me to

believe that most force-on-force analysis of BDMs is per-

formed with models that are either too complex or too

aggregated to be sensitive to subtle variations in BDM

features. My thesis goal became to accurately model the

strategic merits of BDMs.

I learned much through the thesis process in both

professional and personal areas. For helping me through

this process, I owe more than a published "thanks" to

several people: Lt Col Jim Bexfield for his patient leader-

ship, Capt Rick Wilkinson for his "real-world" experience,

Capt Shawn O'Keefe for his all-around positive influence

and good humor, and to all the instructors and students who

generously showed me there is no such thing as a "dumb"

question. Above all others I thank my wife, Susan, for her

love and faith in me, at a time when she was single-

handedly managing a full-time job, a newborn son, eight

dogs and cats, and buying a house.
ii
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Abstract

Two models were developed for evaluation of bomber

defense missiles as penetration aids to bombers carrying

cruise missiles. The defense consisted of a forward-

based AWACS controlling airborne interceptors. Both models

utilize a corridor concept with a single AWACS.

One of the models is a simulation using the Q-GERT

computer language; penetrators and interceptors wait in

"queues" to be paired by the AWACS "server" for interceptor

attempts. The second model is a stochastic analytic

approach recursively estimating a separate survival proba-

bility for each successive bomber to enter the corridor.

This probability reflects delays between intercepts due to

fighter attrition. Both models estimate the numbers of

bombers surviving, cruise missiles launched and cruise

missiles surviving.

The models yielded similar results for 24 different

cases. The thesis models represent the effects of fighter

attrition, BDM depletion and payload tradeoffs in greater

detail than do other similar models.
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TWO PENETRATION MODELS FEATURING BOMBER DEFENSE

MISSILES AGAINST AN AWACS AIR DEFENSE

I. Introduction

Background

A primary mission of the U.S. Air Force is to main-

tain an effective manned bomber force as part of the triad

concept of strategic deterrence. One possible plan for a

retaliatory bomber strike calls for many B-52s penetrating

enemy forward air defenses (FAD) to deliver air-launched

cruise missiles (ALCMs) toward inland targets. The ability

of the B-52 fleet to perform this mission is an ongoing con-

cern of defense planners; the structurally old B-52 is rela-

tively slow and has a large radar cross-section (RCS),

causing some to doubt its current ability to penetrate

Soviet air defenses. Furthermore, Soviet defenses have

improved greatly through recent technological advances in

radar, surface-to-air missiles, and fighter interceptors,

as well as the expected deployment of a Soviet Union Air-

borne Warning and Control System (SUAWACS) aircraft irthe

near future.

The gravity of this threat was underlined in a 1975

report by the Secretary of Defense:
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Should the Soviet Union develop and deploy an
AWACS/"Foxbat" "look-down, shoot-down" air defense
system, we would have to counter it with new penetra-
tion devices and techniques such as the cruise mis-
sile, bomber defense missiles and improved ECM [Ref
17:196).

Today several options are being explored to improve

the strategic bomber force. Among these are new aircraft

to complement or replace the B-52s, longer-range cruise

missiles to give the fleet greater standoff range, and

penetration aids such as improved electronic countermea-

sures (ECM), believable decoys, and lethal bomber-defense

missiles (BDMs).

The Strategic Planning branch of Aeronautical Sys-

tems Division's (ASD) Strategic Systems System Program

Office (SPO) is currently studying proposed weapon system

innovations to aid the effectiveness of cruise missile

carrier aircraft (CMCA) against a Soviet forward air

defense with an AWACS network. Part of the analysis con-

sists of running many cases with the SPEED model (Ref 13).

The relative merits of various electronic countermeasures

and lethal defense missiles is a particular focus of the

study, and the SPO is interested in comparing their results

with those of alternative methods of modeling.

Statement of the Issue

Although many simulation models and analytical

formulations exist for studying general bomber penetration

issues, few have been designed to study a modern FAD; a
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specialized model including BDMs, ALCMs and ECM would be

of unique utility. There is also a need to compare the

roles, advantages, and disadvantages of different types of

bomber penetration models: large versus small, analytic

versus simulation.

Research Objectives

The purpose of the thesis effort is to develop two

separate but complementary models for assessing the rela-

tive effectiveness of BDMs and ECM against the FAD.

Simulation Model. The first model is a simulation

using a Q-GERT network and FORTRAN "user functions." This

is the first known application of the concise Q-GERT

language to bomber penetration modeling.

Analytic Model. The second model is a sequence of

analytic expressions leading to estimates of bomber effec-

tiveness against the FAD.

Secondary Objective. A secondary objective of the

study is to compare the two models in terms of:

1. Results obtained for certain research questions

2. Credibility and consistency of results

3. Methodology

4. Model versatility (number of addressable

questions)

5. Ease of use and revision

3



6. Cost and time requirements

7. Sensitivity to key inputs

Scope and Limitations

The scenario modeled in both cases will be

restricted to the time interval during which the bomber or

CMCA, force is penetrating the enemy's Forward Air Defense

(FAD), beginning with detection of the first CMCA or ALCM

and ending for each when it is either killed or has success-

fully penetrated the FAD. The FAD to be considered has two

main components: airborne fighter interceptors (AIs) to

engage and kill penetrators; and a network of AWACS air-

craft which detect CMCAs and ALCMs on radar and then assign

and guide F1 to intercept each penetrator detected. CMCAs

will fire BDMs at interceptors but not at an AWACS.

The models focus on a single penetration "corridor,"

with only one AWACS aircraft and its associated Al combat

air patrol (CAP). Penetrator flight paths are straight

lines, and maneuvers to alter course while in radar cover-

age are not modeled.

Both models are based on the same major assumptions,

but the analytic model requires occasional additional

simplifications of the scenario. The inputs common to both

models include:

1. Number of bombers (limited to 20 in simulation)

2. Number of ALCMs per bomber

4



3. Number of interceptors

4. AWACS detection ranges for bombers and ALCMs

5. Probabilities of engagement for AI against

bombers and ALCMs

6. Kill probabilities by air-to-air missiles

(AAMs) and BDMs

7. Bomber arrival rates and ALCM launch schedule

The models are essentially parametric; event proba-

bilities and deterministic detection ranges are not esti-

mated by the model, but must be provided by the user based

on external analysis of specific weapon systems. For the

purpose of model illustration and comparisons, inputs which

are representative of actual capabilities are assumed.

The primary outputs of the models are the number of

CMCAs surviving the FAD, number of ALCMs launched, and the

number of surviving ALCMs.

Methodology and Overview

The overall approach of the study emphasizes the

derivation of models and the comparison of methodologies.

The study process consists of four main phases.

Literature Survey. The first phase consists of

research about:

1. previous FAD issues studied;

2. previous bomber penetration modeling--simulation

and analytic approaches;

5



3. derivation of probabilities of detection, con-

version, kill, etc., based on pertinent features

of ECM and BDMs; and

4. models considering BDMs or general air-to-air

combat.

Chapter II summarizes the general findings about bomber

oenetration models, and Chapter III describes FAD issues

and how they are treated in two particular models used at

ASD.

Q-GERT Model Development. The simulation model was

developed in three general steps: formulation, computeriza-

tion, and verification.

1. Formulation tasks:

a. decompose scenario into significant

elements

b. analyze and describe elements

c. make assumptions necessary for modeling

d. integrate elements into a network model

2. Computerization tasks:

a. define constants, variables, inputs and

outputs

b. set initial values for parameters

c. transform network model into code

d. debug the program: obtain output



3. Verification: This step consists of inspect-

ing sample runs to determine if the scanario is simulated

as intended. Next, outputs for a base case are obtained,

and excursions are tested to see if the output is altered

in the expected direction when key parameters are changed.

Some iterations of the three steps were necessary.

The final form of the model is reported in Chapter IV.

Analytic Model Development. The third phase of

the study consists of six iterative steps:

1. Choose desired forms of results: expected

value, upper bound, lower bound, and/or probability dis-

tribution.

2. Decompose problem into important events.

Decide which are dependent and which are independent;

analyze cause-and-effect relationships.

3. Make simplifying assumptions about offense,

defense, and encounters.

4. Derive event probabilities, resulting in

expressions for numbers of surviving CMCAs and ALCMs based

on ECM and BDM parameters.

5. Computerize and debug the model. Confirm by

hand that the desired calculations are performed correctly.

6. Verify that key factors identified in Step 2

are included. Check results for intuitive validity.

7



The analytic model is described in Chapter V.

Model Comparisons. The key steps in this phase

are:

1. Using realistic inputs, generate Q-GERT and

analytic results for the same variable cases. Each case

is specified by:

a. whether or not BDMs are loaded; the three

levels are zero, four, and eight BDMs;

b. which of four ECM capabilities (minimal

ECM, high ECM vs. AIs, high ECM vs. AWACS radar, or high

ECM vs. both) is used by bombers.

2. Compare how the two models rank the alterna-

tives according to the three different measures of effec-

tivene ss.

3. Summarize the differences in approaches.

4. Make conclusions about relative advantages,

disadvantages, and roles of methodologies; summarize addi-

tional insights.

The results of this final phase are reported in

Chapter VI.
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II. Review of Bomber Penetration Modeling

A large variety of models and techniques exist

today for quantitative analysis of strategic bomber pene-

tration issues. Therefore, analysis performed in this area

must include selection of the means of analysis to be used

in the study process itself. Before choosing a model, or

choosing to develop one himself, the analyst should under-

stand his purpose for using a model.

In a broad sense, all models serve the same pur-

pose. They "shed light" on a problem (or problems).

Hoeber lists three ways, in order of importance, that a

model can do this (Ref 6:6). They are:

1. to increase the understanding, by both analyst

and client, of the problem through the modeling process;

2. to aid in making choices between alternatives

by providing useful relative numbers for measures of

merit; and

3. to give valid absolute numbers as solutions to

problems; however, applications where this is possible are

rare.

Thus, one difference between models is the varying

degrees to which the three purposes above motivate their

development. The first purpose, "understanding," may

9



reflect the greatest value found in models, but the con-

sideration that most often drives the choice of models is

a set of specific study questions: how the alternatives

will be compared, and the other issues to be addressed by

data from a model. For bomber penetration studies, typical

questions include:

1. Are bomber force improvements necessary to

maintain or achieve a specified level of performance?

2. Which of several proposed changes in offensive

tactics or capabilities would most improve bomber force

effectiveness?

3. How will certain changes in the tactics,

resources, or performance capabilities of the air defense

threat affect the overall success of the bomber mission,

and what are the best responses by the offense?

Selecting a Model or Models

After identifying the important study questions,

the analyst must choose the appropriate modeling technique

(or set of techniques) according to some set of criteria.

He may wish to perform some level of cost-benefit analysis.

The following is a possible checklist for such assessment.

Benefits. Answering several questions about

alternative models can tell the analyst whether the tech-

niques can generate the desired quality and quantity of

information. The model(s) should:

10



1. be applicable to the problem. To what extent

will the set of techniques address the study questions?

Are the assumptions in each model appropriate for the

problem?

2. promote confidence in the results. Are the

techniques perceived as valid? Are the assumptions reason-

able, and has the model been tested? Does the level of

resolution enhance credibility?

3. be acceptable to the client, or decision maker.

This is a prerequisite when there is a sponsor; if the

client does not approve of the choice of models or find

the assumptions credible, he will place little faith in

the results.

4. provide additional insights. Regardless of

results, will understanding of the problem increase?

Costs. Models can range widely in the resources

required for their use. The costs are primarily of two

types:

1. Manpower Costs. What level of effort is

required to meet the deadline? What additional expertise

is needed to obtain and input data, and analyze results?

2. Computer Costs. How much computer time is

required? The expense of generating data should be

assessed, including the possible interference with other

computer operations.

11



Constraints. There is usually a minimum amount and

quality of information desired from use of a model, and

there are almost always clear manpower, computer, and budge-

tary limits for a study. The acceptability of a model to

the client, mentioned under "benefits," is clearly also a

real constraint. There are two additional constraints:

1. Availability. If the desired techniques are

not already operational for use, can they be obtained and

computerized in time? Also, can the necessary inputs be

easily obtained?

2. Time. Can the entire study process be per-

formed with these techniques by the project completion

deadline?

A given model has five general features which

determine the resources required for its use, and the

utility of the information it can provide. These are:

1. the purpose it was originally developed for,

2. the output possible from its use,

3. its scope,

4. its level of detail or resolution, and

5. whether its methodology is simulation or

analytic modeling.

An analytic model can be definad as

a solution technique that allows us to write
a functional relation between system parameters and a
chosen performance criterion in terms of equations
that are analytically solvable [Ref 10:17].

12
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I
Examples of analytic formulations are queueing models,

probability models and Lanchester equations. The category

is broad, however, and includes simple "paper-and-pencil"

calculations and "rules-of-thumb." For example, the

function Ps = e-PkI/B has been widely used to express the

relationship between a bomber's probability of survival

Psi the kill probability Pk' and the ratio of intercep-

tors (I) to bombers (B) in a battle. There are cases where

this highly aggregated equation gives misleading results,

but it can easily yield a gross understanding of key fac-

tors in bomber performance.

In contrast, a simulation model means "a numerical

technique for conducting an experiment (by a digital com-

puter) or a system evolving in time [Ref 10:18]." Because

its concept of time is explicit, a simulation can describe

the dynamic behavior of a system. Simulations can repre-

sent reality in extensive detail, but can be time-consuming

or expensive to use compared to an analytic model.

This chapter will summarize some representative

simulation and analytic models which already exist for the

study of bomber effectiveness. Key differences between the

various types of models will be assessed, and the relative

advantages of each will be discussed.

Simulation Models

"Simulation models are attempts to replicate

reasonably well understood processes [Ref 1:711." Such

13



techniques typically represent the behavior of systems by

generating events and activities according to specified

deterministic or probabilistic rules.

The critical processes represented in strategic

bomber analysis are the interactions between and within

offensive flight performance, tactics, and weapon systems

and the defense environment. The simulation techniques

used historically range from one-on-one models of a bomber-

interceptor encounter to force-on-force models of an entire

nuclear war. For illustrative purposes, three simulations

of bomber penetration scenarios will be described in this

section.

Advanced Penetration Model. The Advanced Penetra-

tion Model (APM) was created by Boeing Computer Services

for Air Force Studies and Analysis in 1969 (Ref 7:2). The

Air Force needed a "big picture" model of the bomber mis-

sion which could be combined with other war-gaming models

for assessment of force-level issues, strategies and

deploynent decisions. In order to capture the effects

of specific weapon systems and also utilize actual war

plans, a high degree of resolution, or level of detail,

was required.

Twenty analysts and forty programmers were initially

committed to its development, and its first major opera-

tional application came three years later in the Joint

14



Strategic Bomber Study (JSBS). Since that time, the APM

has been transferred to SAC Headquarters, and both versions

continue to evolve and be improved.

The APM simulates the attempted escape of the

bomber force from an SLBM attack on the home bases, then

each surviving bomber's rendezvous and refueling with

tankers, its penetration of the FAD and SAM defenses,

weapons delivery and recovery. As a source of inputs, the

model ccmputes the assignment of bombers to targets, and

many other initial conditions, in the Mission Planner phase.

The unique value of the APM is that it models many

individual bomber and defense units simultaneously, cap-

turing the complex effects of defense saturation, command-

and-control limitations, and weapon assignment doctrines.

Hence it can be used to compare a large variety of alterna-

tive forces, weapons and tactics.

The strength of the APM is also its greatest weak-

ness. The wealth of data inputted and outputted gives the

model great resolution, but it also makes it expensive and

time-consuming to prepare, correct (if necessary) and inter-

pret runs. The manpower and computer time required for

each run also makes extensive sensitivity analysis extremely

expensive and time-consuming compared to smaller models.

For this reason, a major value of the APM is as a source

of validation for other models, as well as a source of

15



T

input data for simpler models to use for their sensitivity

analysis.

Therefore, the APM is at the top of a hierarchy

(of bomber penetration models) of the type recommended by

G. Clark in 1969 (Ref 3). The APM can be used to provide

a detailed analysis of a base case and one or two excur-

sions. Then smaller models borrowing inputs and estimated

parameters, and hence some of its credibility from the APM

can be used to analyze other excursions.

SPEED Model. The SPEED (Simulation of Penetrators

Encountering Extensive Defenses) model was originally

developed by Calspan Corporation for the Aeronautical Sys-

tems Division (ASD) of the Air Force Systems Command (AFSC)

(Ref 13). Written in FORTRAN IV, the model was the result

of the perceived need for a relatively fast-running pene-

tration model with flexibility and validity comparable to

that of APM. The several current versions of SPEED

generally run in faster-than-real time. Depending on the

type of computer and the complexity of the scenario, this

is often not true of the APM.

SPEED simulates a shorter scenario than APM begin-

ning with the entry of the first penetrator into defense

air space, and ending with the last penetrator's exit.

Although it cannot depict nearly as many elements as APM,

16



SPEED also models in-depth the performance capabilities

of individual penetrators and the entire defense network.

The purpose for the development of SPEED was to

provide a methodology for analysts to:

. . .obtain an understanding of the interactions
among the penetrating forces and the various facets of
an air defense system, and . . . quantitatively assess
the overall impact on bomber force effectiveness of
penetration system variations including numbers of
air vehicles, ECM used and decoy deployment (Ref 13:16].

One advantage of SPEED over APM is that its reduced

scale of complexity makes it easier for the analyst to

understand the simulated interactions and the assumptions

behind them. In addition, a major application of SPEED

is examining sensitivities to one-on-one effectiveness

data and changes in threat capabilities. Thus it facili-

tates tradeoff analysis of competing or complementary

weapon systems. In fact, because SPEED can be directly

tied to APM's Mission Planner, Studies and Analysis may

use SPEED to perform excursions on studies where the APM

is the primary model.

Other simulation models of the penetration mission

exist which are comparable to SPEED in purpose, scope and

level of detail. For example, Rockwell International's

Advanced Campaign Effectiveness (ACE) Model has been widely

used since its development for B-1 bomber studies, and

differs from SPEED only in relatively minor details (Ref 14).

17



Small-Scope Simulations. Many-on-many models such

as APM or SPEED are designed for study of major bomber

force issues, but it is often desirable to have separate

one-on-one models simulating a single isolated aspect of

the whole bomber mission. An early example was NORTAM

(Northrop Terminal Attrition Model), which was developed

for Headquarters USAF (AFDAP) by James L. Taylor of

Northrop, Inc., in the late 1950s (Ref 19).

NORTAM is a model of the terminal engagement

between a single bomber and a single fighter-interceptor.

Its purpose was to

. . . evaluate realistically the effects of meteoro-
logical factors, airborne equipments (i.e., design
parameter variation), bomber defensive measures, and
fighter attack doctrine and countertactics upon fighter
bomber engagement outcomes [Ref 19:790].

It used a large number of user-provided inputs for air-

battle and equipment parameters such as radar power and fre-

quencies and aircraft turning radius. After a statistically

significant number of runs, separate estimates were sum-

marized for probabilities of detection, conversion to

firing, abort, engagement and kill for both bomber and

fighter. Average ranges of detection and firing were also

calculated.

NORTAM is not widely used today, but it is a proto-

type for many flexible, small-in-scope simulations which

replaced it for analysis of terminal fighter bomber engage-

ments. The applications of such models are obviously

18



different from those of APM and SPEED. They can provide

more detailed insight into the terminal engagement process,

and allow more subtle comparisons of different tactics and

weapon system features. Thus they are often used to

generate probability inputs for the large many-on-many

models.

Analytic Models

Analytic formulations of bomber penetration do not

represent reality in the detailed manner of simulations,

but rather simplify and transform Xey elements of the

scenario pictured into the abstract language of mathe-

matics. Developing such abstractions is an art, because

there are probably as many ways to mathematically model a

given scenario as there are analysts. Thus it is no

surprise that analytic models vary in form and complexity

more than simulation models. Such models can also differ

in scope, level of detail or aggregation, mathematical tech-

nique and especially the simplifying assumptions made.

Several models are cited here as illustrations.

PENEX. PENEX is a mathematical model for esti-

mating the number of bombers surviving a many-on-many air

battle with manned interceptors. It reflects a level of

aggregation somewhere between the detail of APM or SPEED

and very aggregated models such as the survival function,

P5 = e-PkI/B (Ref 2). In fact, its development for AF/SA

19

i ...



in 1972 was a direct response to the need for a versatile,

but not too simple, analytic model.

The relative complexity of PENEX permits its appli-

cation to a variety of penetration problems. It computes

the expected numbers of bombers and decoys surviving an air

battle by analyzing the conflict as a sequence of discrete

sub-battles. The model allows two types of interception

policy by the defense in the same sub-battle: raid con-

trolled and close controlled. Under the raid controlled

mode, interceptors take off when their bases are warned of

incoming penetrators, and they search individually over a

large area until either finding and engaging penetrators

or using up their fuel. Under close control, a radar

sensor network detects bombers, charts tracks of each, and

uniformly allocates interceptors to engage the perceived

penetrators. By providing for false bomber tracks and

radar failures, as well as fairly detailed decoy and inter-

ceptor capabilities, the model explicitly treats the effects

of confusion on the defense's command, control and sur-

veillance capabil..ties. The analysis includes a method for

determining the number of fighter-bomber encounters and

derives the number of iterations needed of a recursive

formula for bomber survival.

The limitations of PENEX are characteristic of all

aggregated models. By assuming the continuous processes

of a battle progress in discrete stages, they tend to
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ignore delays inherent in the systems. Treating time as

discrete also causes problems when input data is being

developed or when time-related output is desired.

PENEX assumes that penetrators are confined to

corridors and are identical in capabilities and tactics.

Although these constraints facilitate model development,

they can fail to reflect important variations in opera-

tional plans.

If the user is fully aware of the assumptions and

limitations, models like PENEX are attractive for several

reasons. It can yield information about many types of pos-

sible decisions such as choices between decoy types, the

best type of ECM or ECCM for low or high altitude penetra-

tion, and comparisons of standoff missile systems and dif-

ferent penetrating bomber systems, as well as assessing

the effects of different air defense strategies and capa-

bilities. It can also test a variety of sensitivities;

because it requires no replications for a given input case,

it can do so in much less computer time than a simulation

can.

COLLIDE. COLLIDE is a model first developed by the

Lambda Corporation in 1972 to estimate ECM effectiveness in

a bomber-interceptor engagement (Ref 11). The primary

output it provides is Pdc' the probability that an inter-

ceptor within maximum detection range of the bomber detects
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it and maneuvers (converts) to a missile-firing position.

The calculations are derived from a score of input param-

eters for aircraft and weapon performance, as well as the

specific angles of approach of the interceptor to the

bomber's path, and an assumed elliptical detection envelope

around the bomber.

COLLIDE is essentially an analytic counterpart of

one-on-one simulations like NORTAM, and has been used to

provide off-line ECM inputs to the APM. However, it has

been criticized for its highly simplified view of the

complex ECM game (Ref 7:27)

There is little agreement among analysts about how

to model ECM, and the difficulty in validating models such

as COLLIDE can permit some subjectivity. Nevertheless,

COLLIDE tends to be biased against the bomber, and equally

so against all bombers; thus it is reasonably fair in com-

parisons of different penetrators. Because the total effec-

tiveness of ECM for a number of bombers will be greater than

the sum of one-on-one estimates, one-on-one models such as

COLLIDE tend to be conservative in favor of the defense.

Again, relative numbers for making comparisons are more

important than absolute numbers, which one cannot be sure

are accurate.

COLLIDE is not a high-resolution model. Its major

utility is its flexibility for making comparisons. It

permits consideration of command and control system
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degradation, visual and radar detection, extensive aircraft

maneuvering, and different types of AAM systems. Further-

more, as a small-scale analytic model, it is much quicker

running then its simulation counterparts.

Other Analytic Models. PENEX and COLLIDE are two

analytic approaches which address different-sized por-

tions of the bomber penetration problem. This section

briefly describes some other analytic approaches to model-

ing bomber effectiveness issues.

The Stanford Research Institute (SRI), under con-

tract with the Defense Communications Agency, developed the

Corridor Penetration Model (COPEM) in 1971 (Ref 12).

Similar to PENEX, COPEM estimates penetration probabilities

for a group of bombers attempting to penetrate through a

corridor defended by a group of fighter-interceptors.

Its unique feature is the assumption that the underlying

stochastic process representing the number of intercepts

possible in a tine interval following a bomber detection

is a time-dependent Poisson process.

ENROUTE is a computerized probability model devel-

oped at General Research Corporation (GRC) as an aid for

computing CMCA effectiveness against forward-based inter-

ceptors assisted by AWACS and also against ship-based

SAMs (Ref 5). Widely used by ASD, it estimates the proba-

bility of CMCA survival and the fraction of the cruise
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missile payload that is successfully launched before the

CMCA is killed. ENROUTE can be used to evaluate various

levels of interceptor performance and numbers, the CMCA

defense concepts, including BDMs. ENROUTE is of particular

relevance to this thesis, and will be discussed more deeply

in the next chapter.

In 1968, Clifford D. Fawcett and Chester G. Jones

of ASD developed a many-on-many model of engagements

between bombers with BDMs and/or decoys, and interceptors

capable of several multi-pass sorties during a battle

(Ref 4). The model uses a modified Lanchester difference

equation to determine the attrition of the forces, and then

calculates the expected number of targets reached by at

least one bomber. Their analysis assumed that bombers

never run out of defensive missiles, causing them to per-

form a Monte Carlo simulation to derive the number of BDMs

the bombers must carry for the analytic model to yield

valid results--an interesting example of complementary uses

of simulation and analytic techniques.

Another interesting approach to bomber penetration

is a Markov-type model developed by Lulejian (Ref 9). It

estimates survival probabilities for a group of bombers

penetrating an air defense which includes an AWACS, but

without effective SAMs, AAA, or GCI radar coverage. Its

key assumption is that the bomber penetration process can
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be divided into short disctete time intervals and modeled

as a Markov process.

Relative Advantages of Simulation

and Analytic Models

The aforementioned bomber penetration models illus-

trate that there are many differences among and between

simulation and analytic models. Some of the benefits and

costs of both types will be discussed in this section.

The Value of Simulations. The benefits from simula-

tion modeling are products of the great detail with which

simulations can represent subject systems and forces. The

unique depth of resolution that simulations may provide

frequently inspires greater confidence in their results

than in those of corresponding analytic models. However,

this is not the primary value, as some have previously

noted: "The purpose of simulation is insight, not numbers

[Ref 8:238] ."

The inclusion of many system components in simula-

tions gives such models a capacity for extensive experi-

mentation, which may reveal the nature of previous unclear

interactions to the analyst. Furthermore, in contrast with

expected-value models, simulation results can display some

of the randomness and variation of key processes in a

system.
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The Value of Analytic Mode' s. For a given problem,

an analytic model should be sought whenever possible, since

it can "evaluate the performance with minimal efforts and

costs over a wide range of choices in parameters and con-

figurations (Ref 10:18]." Thus, the cost and flexibility

of use is the clearest advantage of analytic models over

simulations.

If the analyst is interested in only the mean value

of some measure, an analytic model is clearly preferable

to a simulation; the latter is inefficient if only a small

portion of its output is of interest. Most simulations

require many replications to generate significant results,

while analytic models require a single run. Thus, with

more responsiveness and a generally faster running time,

an analytic model is a much more efficient tool for evalua-

ting sensitivities.

Analytic models also require less detailed input

than simulations, saving both time and money. In addition,

a simulation is very costly to create and debug, and cannot

be developed as quickly as an analytic model. An extreme

example of this is the three years required to make the

APM operational.

In spite of the economy of analytic models, they

cannot always be applied to a problem. If the subject

system is extremely complex, the insight required to ade-

quately model it analytically may not yet exist. Even if
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the system is understood completely, and simplifying

assumptions are made, the resulting analytic model may be

mathematically untractable. A simulation may be the only

alternative.

Complementary Roles. The reason for comparing

simulations and analytic models is not to choose a "best

type" of model. The credibility and insight from detailed

simulations, combined with the practicality of aggregated

analytic models, gives the two classes complementary

features which can make them a synergistic set of method-

ologies.

In a hierarchical approach, an analytic model can

be validated through comparisons with large-scale simula-

tion results (Ref 8). In some cases, a curve can be fit

to simulation outputs and then used as an analytic func-

tion of some difficult-to-model relationship. The ana-

lytic model can then be used more credibly. Furthermore,

comparisons with simulations can clearly inform the ana-

lyst of the analytic model's limitations.

Conversely, if an analytic model provides results

very close to a simulation's, it may be found that some

elements unique to the simulation are irrelevant to the

problem. In large studies, a relatively valid analytic

model can also weed out obviously inferior alternatives
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in a problem, and then only the remaining ones would be

compared via simulation.

Many limitations of models are not limitations of

the corresponding types of models--invalid models can come

in any type. Although simulation models tend to resemble

reality more than analytic models do, the apparent validity

can be deceiving. Even complex simulations must make

assumptions, but these can be so numerous that many are

hidden or undocumented; the analyst may be unaware of them

all.

A complementary role of small-scope to large-scope

models can be briefly summarized. The designer or user

of an aggregated simulation or analytic model may desire

additional insight, or realistic input parameter values,

for some process such as radar reliability or missile kill

probability. Such data is not always available from experi-

mentation, so detailed modeling (simulation or analytic)

of the small scenario is usually done externally.

Summary

It should be remembered that "models do not analyze

anything. Analysts analyze, and models can help them in

their task [Ref 6:7] ." Modeling is only one of the aids

to analysis. However, the choice of models used in a study

can affect both the quality and quantity of information

the decision makers receive. Therefore, care should be

28



used in weighting the value of insight gained through

alternative models and the resources required by their use.

In addition, the analyst should be aware that new modeling

may be needed to appropriately address the defined problem.

The next chapter describes the key features

required of a model for studying the effectiveness of ECM

and BDMs as aids to a CMCA force penetrating an AWACS FAD.

Subsequent chapters will present two new models of utility

for addressing this issue. Their development will illus-

trate the separate and combined values of simulation and

analytic modeling.
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III. Modeling the Use of BDMs Against the FAD

For studying the bomber effectiveness issues

described in Chapter I, most bomber penetration models are

relevant to some degree. They all feature an offense of

one or more bombers encountering a defense of one or more

penetrators, and together they contain the range of assump-

tions and techniques considered reasonable or useful in

previous modeling efforts. The emphasis of this chapter

is on describing how the FAD is modeled, with regard to

the four major study elements for this thesis: BDMs, ECM,

cruise missiles, and AWACS controlled interceptors.

Of the simulation models described thus far, the

APM and the SPEED and ACE models encompass all four ele-

ments; of the analytic approaches, only ENROUTE does so.

The major assumptions in SPEED and ENROUTE will be described

to illustrate simulation and analytic modeling of the four

key aspects of the FAD problem. Of the simulations, SPEED

is chosen because it is widely used by the Air Force, par-

ticularly at ASD.

Before discussing specific models, the key factors

in CMCA effectiveness against the FAD are identified.
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Factors in CMCA Effectiveness

The air battle between bombers and the AWACS

defense can be analyzed as a dynamic system. The scenario

can be decomposed into the significant processes and ele-

ments affecting three measures of offensive success:

bombers surviving, ALCMs launched, and ALCMs surviving.

The three quantities are defined as follows:

Number of Bombers Surviving. "Surviving" bombers

are the CMCAs which are no longer in AWACS radar range and

will not be intercepted by an Al assigned to an AWACS CAP.

They are assumed to have penetrated to the next phase of

enemy defenses.

Number of ALCMs Launched. This result is the total

number of cruise missiles dispensed from bombers to become

separate penetrators. it is also a measure of the average

distance CMCAs penetrate before being killed, and depends

greatly on ALCM range.

Number of ALCMs Surviving. Because the defense

may attempt to shoot down cruise missiles already launched,

"surviving" means the same thing for ALCMs as for bombers.

There are many interactions between offensive capa-

bilities, defensive capabilities, and events in an air

battle, as shown by the causal loop diagram in Figure 1.

This diagram was developed by isolating each pair of
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elements and drawing an arrow if an increase in one directly

affected change in the other. A plus (+) at the end of

the arrow denotes a positive effect; a minus (-) indicates

a negative influence.

The complexity of the system makes it difficult to

model. If a key element is not modeled, its effects are

lost from the analysis; however, some important elements

may be included in larger elements, in the manner that

bomber hardening might be encompassed by the enemy's AAM

kill probability. Therefore, the art of modeling involves

simplifying the scenario and the number of model elements,

while still retaining the factors which most influence the

quantities of interest.

The two factors which influence bomber effective-

ness the most against the FAD are the number of interceptor

engagements and the probability of surviving engagements

which do occur. Hence there are two basic approaches to

improving bomber effectiveness.

Reducing the Number of Engagements. There are

three general tactics the offense can employ to reduce the

number of engagements it must survive.

1. Decrease each penetrator's time in coverage.

Less intercepts may be attempted against a bomber if detec-

tion tactics such as ECM and low altitude penetration delay

the first intercept attempt. The effect of these tactics
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is to decrease the range at which radar detection occurs

or to create uncertainty about the penetrator's position.

2. Reduce the probability of engagement per inter-

cept attempt. Even if the defense knows the approximate

position of the penetrator, some attacks may be avoided by

using ECM specifically designed to jam interceptor radar.

3. Saturate the defense. If the defense perceives

a greatly increased number of penetrators, the number of

intercepts performed against each one will probably

decrease; furthermore, if the defense cannot distinguish

between different penetrator types, some of the most impor-

tant ones may not be intercepted. This is the motivation

behind the use of decoys, waves of bombers, and to some

extent, ALCMs.

Increasing the Survival Probability per Encounter.

If the enemy's fighters have difficulty shocting down the

bombers they intercept, then reducing the number of engage-

ments becomes less important. This is the value of bomber-

defense missiles designed to either kill the fighter before

it can attack or detonate the fighter's missiles after they

are launched but before they arrive. Similarly, ECM might

be used to jam the guidance systems of the AAMs.

A possible secondary effect of BDMs is to reduce

the number of engagements in the long run by attriting the

interceptor force.
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A possible third approach to increasing bomber

effectiveness is to decrease the required penetration dis-

tance by developing longer-range ALCMs to be launched

sooner. However, the value of this tactic is unclear; it

assumes that a bomber will not attempt to penetrate after

launching all of its ALCMs. The chances of survival for

each ALCM may also be reduced if they must travel further.

Tradeoffs. In addition to cost limitations, there

are obvious constraints for the number and level of capa-

bilities a bomber can have. The addition of ECM or BDMs

usually displaces a portion of the lethal payload intended

for strategic targets. Furthermore, the added weight may

adversely affect aircraft performance.

Evaluating such tradeoffs involves cost-effectiveness

analysis, and the "effectiveness" part of the study usually

involves models such as SPEED and ENROUTE.

Assumptions in SPEED and ENROUTE

The appropriateness of SPEED and ENROUTE for study-

ing the contribution of BDMs to bomber effectiveness

against the FAD depends in part on the assumptions the

models represent. The major assumptions of both models

are discussed in five categories: bomber defense missiles,

electronic countermeasures, ALCMs, the AI assignment policy,

and the CAP replacement policy.
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Bomber Defense Missiles. Two types of lethal

defense missiles have been provided for in the APM, SPEED,

ACE, COPEM, Markov, ENROUTE and the Fawcett-Jones model.

The two types are short-range BDMs (SRBDMs) which are used

to destroy fighter-launched AAMs before they can reach the

bomber, and long-range BDMs (LRBDMs) which can kill an

interceptor before it launches its AAMs. Strategically,

the LRBDMs have two advantages over SRBDMs: less are

required and the opposition is also attrited. A proposed

third type is massive BDMs to be fired at SAM sites or

AWACS from outside of their radar range. This type of BDM

has not been featured in many penetration models.

SPEED does not explicitly model BDMs, while the APM

and ACE do. However, one may attempt to represent them in

SPEED by reducing the fighter Pk to reflect BDM effective-

ness against AAMs or AIs, and interceptor attrition due to

LRBDMs may be modeled by artificially reducing the Al inven-

tory.

ENROUTE models both types of BDMs. The number of

attacks that a CMCA must survive to penetrate the FAD is

calculated to be the expected number of engagements in which

the AI is not killed by a LRBDM, given prior calculation of

the number of engagements AIs will attempt with the CMCA.

This number is identical for each bomber. When a sur-

viving AI launches its AAMs, a salvo of SRBDMs is launched

with an input probability of killing all of the AAMs.
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One limitation of ENROUTE is that the number of

BDMs carried by a bomber cannot be input by the user. The

bomber is assumed to carry exactly enough BDMs to be armed

for all its engagements and for all the AAMs launched

against it. The expected numbers of BDMs required are

calculated, and are assumed to be the same for each CMCA.

The maximum number of cruise missiles carried can be user-

specified, but the model automatically reduces this supply

by the number of ALCMs equivalent in weight to the calcu-

lated BDM requirement.

Electronic Countermeasures. ECM modeling for pene-

tration models falls into two categories: effects on AWACS

capabilities and effects on Al performance. In SPEED,

penetrators with ECM cause a jamming strobe on the AWACS

radar scope as soon as they are within line of sight. Then

a range for burnthrough or clear (no ECM) detection is pro-

vided, based on a user-specified detection criteria. It is

a function of the penetrator's ECM modules and radar cross-

section (RCS), the type of AWACS radar, and which of five

aspect angle segments the penetrator is at with respect

to the AWACS radar. Although AIs can be vectored along a

strobe before burnthrough detection of a penetrator, the

interception time is assumed to be 10 percent longer than

it would be if the penetrator's precise location is known.
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In analytic models such as ENROUTE, the effect of

ECM is usually to reduce the radius of a detection range

circle centered at the AWACS. This is a more simplistic

view of ECM than SPEED's, but the results of the treatments

are essentially the same; more powerful ECM reduces the

number of possible intercepts made per bomber, by denying

the defense information about the bomber's position.

The modeling of ECM effects on AIs is more straight-

forward, although not necessarily more accurate. In both

SPEED and ENROUTE, ECM used against fighter radar reduces

the input probability of encounter (also called detection

and conversion). In addition, the AAM kill probabilities

are degraded by certain types of ECM. In SPEED the input

parameter for ECM performance may differ for each inter-

ceptor type and for each altitude segment.

AI Assignment Policy. The policy for assigning

AIs to pursue penetrators is a critical part of any pene-

tration model. In SPEED the closest AI to a given pene-

trator is vectored to it, and the intercept attempt begins

whenever AWACS detects a clear, burnthrough, or strobe

target and has an AI available. Reassignment of an Al

already performing an intercept is possible if a higher

priority target is detect. In ENROUTE, fighters are

assigned to clear or burnthrough targets, but no "strobe-

riding" is performed. Both models permit the user to
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establish a limit to the number of simultaneous inter-

cepts an AWACS can control.

Bomber penetration simulations, and a few analytic

models, frequently assume that a single interceptor is

assigned to a penetrator, apparently because multiple

fighters per engagement is regarded as inefficient. This

is true of ENROUTE, but SPEED allows AIs to be assigned

in pairs or alone. In contrast, more aggregated models

such as PENEX and the Markov Model assume that all avail-

able interceptors are uniformly or randomly distributed

among the bombers in the corridor.

CAP Maintenance Policy. A dominant feature in any

Forward Air Defense model is how the AWACS network is

assumed to utilize the interceptor force. Both SPEED and

ENROUTE can represent several AWACS aircraft positions

(stations). In SPEED, two types of AWACS can be input with

different radar and vectoring control capabilities. Each

AWACS orbit is defined by the two endpoints of its patrol

line, and overlapping radar coverage is possible. In

ENROUTE, only one type of AWACS is represented. The AWACS

orbit is a single point, and each station can be at a dif-

ferent standoff range from the coast. The spacing between

stations is a user-provided constant. If the amount of

spacing results in overlapping radar coverage, the user
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can opt to have calculations based on a continuous strip

of radar coverage instead of a chain of circles.

In both models an input number of fighter inter-

ceptors is assigned to each AWACS, with a portion initially

located on CAP at the AWACS orbiting position. SPEED

assumes each AWACS has its own inventory of several types

of fighters, which are sent individually to replace AIs

when they are assigned to penetrators from CAP. Each AWACS

has a base for its own interceptor force, but it can also

use AIs from other sites if its airbase is destroyed. In

ENROUTE, up to five types of fighters can be input by the

user for each AWACS. A single base holds the spare fighters

for each CAP, and all bases are assumed to be the same

distance inland.

In both models, loitering of AIs is possible only

at the location of the AWACS CAP. In SPEED, AIs attempting

engagements are returned to CAP only if they failed to

encounter the target and also have sufficient fuel remain-

ing for additional intercepts. ENROUTE returns the AIs

to CAP differently, calculating a constant number of

fighters on station and specifying a maximum number of total

engagements that can be performed by each class of fighters.

In contrast to the APM and the ACE models, SPEED

does not model the recycling of an AI to the airbase and

then back to the battle. In some cases the initial AI

inventory can be adjusted to reflect a portion of reusable
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AIs, but this is a significant limitation of SPEED. In

many scenarios the duration of the air battle may be much

longer than the time required to recycle.

Summary and Possible Extensions

Both SPEED and ENROUTE are thought to be reason-

ably valid, and both have been used recently by ASD to

study problems involving an AWACS forward air defense,

BDMs, ECM, and ALCMs. SPEED's scope includes a large part

of the traditional strategic penetration mission, but it

also models most aspects of the FAD with greater detail

than ENROUTE. On the other hand, ENROUTE is a faster-

running analytic model designed specifically for FAD

issues, permitting rapid generation of expected value out-

puts for many excursions.

SPEED, ACE and the APM can be used to study BDMs

as an alternative to other penetration aids such as ECM.

However, they are each complex simulations requiring a

considerable amount of computer time; furthermore, the fact

that they are campaign models with broad scenarios and

many elements other than the FAD can make them relatively

unresponsive to minor changes in BDM capabilities. A new

simulation model can have unique utility for certain prob-

lems if it is designed to focus on the specific factors

expected to affect CMCA performance against the FAD. Such

a model is presented in the next chapter.
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As far as the thesis research could discern, ENROUTE

is the most appropriate analytic model existing for study

of BDMs against the FAD. However, it has several limita-

tions in this area:

1. ENROUTE assumes that all bombers have the same

probability of survival, regardless of how many bombers

have preceded each one in the battle. However, the

effects of Al attrition due to BDMs will probably favor

the later bombers to enter the battle.

2. The time each penetrator spends in coverage

significantly affects its probability of survival. This

time interval can vary in length for identical penetrators

with different flight paths, yet ENROUTE uses a constant

time in coverage for its estimation of this measure.

3. ENROUTE does not consider the possible deple-

tion of a bomber's BDM supply, and because the number of

ALCMs carried is determined by the model rather than the

user, it lacks the flexibility to evaluate BDM-ALCM trade-

offs in much depth.

An analytic model with more extensive treatments

of these issues is presented in Chapter V.
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IV. A Q-GERT Model

This chapter describes the development of a simula-

tion model for studying counter-FAD options. First the

conceptual model is explained and the major assumptions

are identified. Then the computerized Q-GERT network is

presented, and the results to be generated by the model

are listed. Finally, the methods used to verify and vali-

date the model are reported.

The AWACS Corridor

The model is based on a corridor concept, as illus-

trated in Figure 2. The scenario begins for each bomber

when it enters the corridor at an imaginary line 1500

nautical miles from the enemy coastline. Proceeding in a

straight line parallel to the corridor sides, the bomber

begins to launch ALCMs at a user-input distance RALCM from

the border. After an initial lateral displacement from

the bomber, the ALCMs are assumed to travel in straight

parallel paths.

No ALCMs are launched prior to entering the corri-

dor. The time between successive launches is a constant.

A minor modification would allow the model to consider

bombers with different target sets.
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A single AWACS aircraft is positioned somewhere

within the corridor. Although an actual AWACS would patrol

along a short line segment roughly parallel to the border,

the model assumes it is located at a stationary point a dis-

tance SR (for standoff range) from the coast.

Associated with the AWACS is a single fighter base

which refuels and reloads the interceptors utilized by the

AWACS. The base is a distance Rb inland directly behind

the AWACS center point. A portion of the interceptor inven-

tory is assumed to be stationed at a single combat air

patrol (CAP) point, located at the AWACS orbiting point.

Operationally ready fighters are sent from the base to the

CAP when requested by the AWACS. The distance from base

to CAP is always Rb plus SR.

The width of the corridor and the position of the

AWACS within it are user-specified. A coordinate system

is established to facilitate the play of geometry in the

model (Figure 3). For each of calculations, the model

places the AWACS at the origin, and establishes coordinates

(Y-values) for the bomber entry line, and ALCM launch line,

and the position of the base according to the input value

of SR. The right and left boundaries of the bomber corri-

dor are specified by the input parameters XL (a negative

number) and XR, respectively.

For the cases studied in Chapter VI, the scenario

consists of a single representative corridor with the AWACS
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centered in it, such that XL equals -XR as in Figure 3.

The width of the corridor, 2XR, equals the maximum diameter

of the AWACS detection zone, approximately 500 NM. This

corresponds to the line-of-sight clear (no ECM) detection

range for low-flying (500 feet) bombers, given that the

AWACS is at an altitude of about 40,000 feet. This feature

permits assessment of the value of ECM and RCS reduction

by decreasing the effective detection range. Penetrators

outside the effective range are undetected by the AWACS

and hence are not engaged by interceptors.

Major Simplifying Assumptions

The corridor penetration scenario can be modeled

as a set of six component processes:

1. The Bomber Entry Process

2. The ALCM Launch Process

3. The AWACS Detection Process

4. The AI Allocation Process

5. The Terminal Engagement Process

6. The CAP Maintenance Process

The general interactions between these components

are depicted in Figure 4. The six processes serve as a

guide for classifying the major assumptions of the model.

Bomber Entry Process. Bombers are assumed to cross

the corridor threshold according to an exponentially dis-

tributed interarrival time truncated at sixty minutes.
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The user-specified mean time between arrivals can be cal-

culated as the time between the first and last bombers

divided by N-1, where N is the number of bombers. A

bomber's entry point follows a uniform distribution from

XL to XR .

Bombers are homogeneous, fly at the same altitude,

and travel at a constant speed V B through the corridor.

They are assumed to gain little by alterinc a straight line

course while penetrating the FAD.

Bombers carry identical payloads with a maximum of

twenty ALCMs. Each pair of BDMs loaded (the number of

BDMs per bomber is an input parameter) decreases the cruise

missile load by one. Both the maximum ALCM load and the

BDM-ALCM tradeoff rate can be adjusted by the user.

ALCM Launch Process. A bomber begins launching

cruise missiles as soon as it is a distance RALCM from the

coastline. The missiles are dispatched at a constant rate

of one every ten minutes, based on the assumption that:

(1) the distance between the closest and farthest missile

targets is about 1200 NM, (2) the target distances are

roughly evenly spaced, (3) an ALCM is launched as soon as

it is within range of its designated target, and (4) the

bomber is flying at about 360 NM/hour, or six miles per

minutes.

49

LI



ALCMs are each assumed to fly at the same low alti-

tude at a constant speed, VA . At launch the ALCM is

instantly displaced laterally from the bomber accordin9

to a uniform distribution from -10 to 10 NM. It then pro-

ceeds parallel to the bomber path.

AWACS Detection Process. A bomber is assumed to

appear on AWACS radar when its course intersects an

imaginary circle of radius RDET centered at the AWACS.

Surviving bombers are lost from radar coverage when they

cross the back side of the circle. RDET is the average of

the detection ranges in all directions. It is provided by

the user based on bomber altitude, RCS and ECM capabili-

ties against the AWACS radar. Cruise missiles are detected

by the AWACS when they intersect a smaller circle of radius

RDCM centered at the AWACS. No penetrators are lost to

coverage until they exit from their respective circles of

coverage.

AI Allocation Process. The defense will attempt to

intercept both bombers and ALCMs while they are in radar

coverage, but bombers are higher priority targets (each

bomber is probably still carrying several ALCMs). The

AWACS mistakes ALCMs for bombers with probability PA"

Thus, available AIs on CAP are assigned first to bombers

and ALCMs not distinguished from bombers, and then to

known ALCMs. Penetrators appearing to be the same type
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are treated on a first come, first serve basis. Inter-

ceptors are not assigned to a penetrator once that pene-

trator has left coverage.

The AI chosen for allocation to a penetrator is

the one on CAP with the least amount of available fuel.

No fighters attempting to intercept a penetrator are

diverted to a different one. A single AI is assigned for

each intercept.

Terminal Engagement Process. During an intercept

attempt, an AI is vectored to the vicinity of the pene-

trator, where it locates and engages the target with proba-

bility E1 if the target is a bomber, and EA if the target

is an ALCM. If the intercept point is out of AWACS radar

coverage, E1 (or EA) is multiplied by an exponential degrade
-XAt

factor e , where At is the time from the penetrator's

departure from coverage to the moment it would have reached

the projected intercept point.

If an ALCM is located by an AI, it is assumed to

be successfully killed by AAMs. The duel between fighter

and bomber is more complex, and is illustrated by the net-

work in Figure 5. The model assumes the bomber's defensive

missiles have a kill-before-launch capability against the

interceptor. This means that the BDM range is enough

greater than the AAM that when an AI is killed it is not

yet close enough to the bomber to fire its own missiles.
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A BDM is fired only if: (1) the AI begins to make a pass

(probability = E1 ), (2) the bomber sees that an inter-

ceptor pass is forthcoming (probability Pbdi ) , and (3) the

bomber has not depleted its BDM inventory. The BDM kills

the fighter with probability Kb.

A surviving AI will attempt a head-on pass in

which it will fire two AAMs with a combined kill probabil-

ity of K1 . If the bomber is not killed, the AI will

reengage with probability E2 , attacking from the rear. On

a reengagement, the bomber gets the first shot if it still

has missiles. If the AI survives this attack, it fires

its last two AAMs with combined kill probability K2.

CAP Maintenance Process. Fifteen fighters are

assumed to be on CAP when the first penetrator is detected.

This number can be easily adjusted by the user.

When an AI is assigned to a penetrator, an inter-

ceptor takes off from base to replace it, provided one is

available in reserve. After the initial reserve of inter-

ceptors is depleted, AIs recycle to and from the base,

spending only the service time T on the ground. TheR

number initially at the base is user specified.

AIs reaching a model-calculated maximum time on

CAP are returned to the base. They recycle to CAP after

a constant interval which includes the round trip cruise

time. This maximum time on CAP is calculated so that any
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Al still on CAP has sufficient fuel to perform the longest

intercept and still recycle.

Fighters loiter only at the CAP, which is colocated

with the AWACS. AIs attempting intercepts are returned to

CAP only if: (1) they fail to engage a penetrator, and

(2) they have sufficient fuel remaining for additional

intercepts. Any AI engaging a penetrator and surviving is

assumed to have used at least half of its AAMs, and no Al

will return to CAP unless it is fully armed.

Computerization

After the necessary assumptions about the key pro-

cesses were made, the conceptual model was refined with a

Q-GERT network which could be translated directly into

code.

Bombers, ALCMs and interceptors are modeled as

transactions generated in the Bomber Entry, ALCM Launch,

and CAP Maintenance processes, respectively. Penetrators

enter a defense queue after detection, and await the

arrival of interceptors at a separate queue. In the AI

Allocation Process, an interceptor transaction is combined

with the transaction at the front of the penetrator queue

for an intercept attempt. Survivors emerge again from the

Terminal Engagement Process as separate transactions.

The parameters required for calculations and for

system branching decisions are carried by the transactions
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as attributes. Documentation of the model, including a

listing of the code, is provided in Appendix B.

Output Results Provided

For each input case, the simulation can generate

estimates for the three numbers which measure offensive

effectiveness: bombers surviving, ALCMs launched, and

ALCMs surviving. The same standard deviation of each

estimate is also calculated.

Other Results Possible. Additional insights can

be obtained from model runs. For example, the Q-GERT

variable NTC (NODE) records the number of transactions

that have passed through NODE. This variable can be used

to output the total number of engagements, the number of

interceptors killed, and the frequencies of other events

of interest.

In addition, the Q-GERT Analysis Program allows

the user to obtain, from one or more simulations, extensive

statistical summaries of designated events and activities

(Ref 16). Examples are the minimum and maximum numbers

of penetrators in coverage, and the average waiting time

by detected penetrators until AI assignment.

Verification and Validation

In an attempt to verify that the model simulated

what it was intended to, traces of several runs were
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inspected for errors. Hand calculations were performed

and found to conform to user function computations. Data

and transactions were tracked manually through the network,

confirming that the assumptions of the conceptual model

were met in the simulations.

Measures were taken to evaluate the model's face

validity. Common sense suggests that certain changes in

input parameters should alter the outputs of the model

in certain directions. Using the causal-loop diagram in

Figure 1 as a guide, a list was made of parameters which,

when increased, should improve bomber survivability.

Another list was made of defense-favorable inputs. Some

of these two types are listed in Table 1.

TABLE 1

EXPECTED EFFECTS OF KEY PARAMETERS

Pro -Bomber Pro-Defense

VB VI

KB  K I and K2

PBDI E1

# of BDMs/bomber E2

T = AI recycling time # of AI

RB RDET
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A base case was established for the input param-

eters and 20 replications were performed to estimate the

number of bombers surviving. Then a sequence of 12 excur-

sion cases was run with 10 replications per case. In each

excursion case only one of the above parameters differed

from its base-case value. All comparisons of the average

output to the base-case estimate showed the difference in

the expected direction.

Validating the simulation model is difficult in the

absence of applicable real-world data, but care was taken

to incorporate o:ily believable or acceptable assumptions.

The major assumptions were based on precedents or analogues

in recently published studies and models. This fact was

confirmed during discussion of the model with an Air Force

analyst specializing in strategic studies (Ref 20).

Broader Applications

The user may wish to study a scenario involving

penetration of enemy defenses with multiple bomber corri-

dors and many AWACS at once, as in Figure 6. Some of the

AWACS may have overlapping radar coverage, and more than

one fighter base may support a given CAP. The model can be

used for such a study if the analyst divides each corridor

into narrower subcorridors, so that the latter each contain

a single AWACS. For example, corridors I, II and III

(Figure 6) can be subdivided as in Figure 7. Then the
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Fig. 6. Hypothetical Multiple-Corridor Scenario

Icl

Fig. 7. Example Corridor Subdivisions
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number of bombers traveling through each subcorridor can

be specified, and the results of the entire campaign can

be estimated as the sum of independent runs of the model

for each subcorridor. Fighters supporting a group of AWACS

in a large corridor can be split equally among the CAPs,

and a single base can be assumed for each CAP with distance

SR plus RB equal to the weighted average of the distances

from the supporting bases to the CAP.

Summary

The Q-GERT model can be used to rank alternative

mixes of BDMs and ECM capabilities. This will be shown

in Chapter VI, where this model will also be compared to

the analytic model developed in the next chapter.
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V. An Analytic Model of the FAD

This chapter describes the development of a mathe-

matical model for evaluating CMCA effectiveness against

the forward-based AWACS defense. First the approach taken

to estimating three measures of the effectiveness is sum-

marized, and then the sequence of computations comprising

the model are explained. The computerization of the model

is briefly described, and the validation efforts are

reported.

Modeling Approach

The analytic model estimates the same three mea-

sures of effectiveness that the Q-GERT model provides:

1. Expected Number of Bombers Surviving

2. Expected Number of ALCMs Launched

3. Expected Number of ALCMs Surviving

The development utilizes the same corridor concept

and coordinate system as the Q-GERT model (Figure 8), and

the assumptions are the same except when otherwise stated.

The essential quantity estimated by the model is

P(i), i = 1,2, ... Nb, where Nb is the number of bombers

entering the corridor and P(i) is the probability that the

ith bomber to enter penetrates the AWACS defense. It is

calculated separately for each bomber, because the number
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of fighters available, and the number of penetrators in

coverage for the defense to attack, varies according to

when a bomber enters the battle. Hence the average level

of saturation may differ for each detected bomber's time

in coverage, implying that the threat is greater for some

bombers than for others.

The number of bombers surviving and the total

number of ALCMs launched are estimated from the values of

P(i); furthermore, estimation of the number of ALCMs sur-

viving follows directly from measures taken to calculate

P(i). P(i) is derived through five major steps.

Step 1. The first major quantity estimated is the

probability P (j) that the bomber survives, given that thes

defense can make j attempts (engagements) to kill it.

P (j) is based on the same engagement scenario assumed ins

the previous chapter, and also on the number, M, of BDMs

carried. Because a bomber may deplete its BDM supply,

probabilities of surviving a single engagement are calcu-

lated for three cases; i.e., when the bomber has zero, one,

or at least two BDMs available. Ps(j) is used to estimate

the expected number of engagements the defense must perform

to kill a single bomber; hence, it is used in computing

the effects of defense saturation on other variables in

the model. Later, P s(j) is again used in the final calcula-

tion of survival probability, P(i).
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Step 2. The next major variable estimated is
E Pic(i), the expected number of penetrators--bombers and

ALCMs--in coverage during the ith bomber's passage through

the FAD, assuming initially unlimited AI availability on

CAP. It is determined from the average time between pene-

trator arrivals and also from the estimated time the pene-

trator is in coverage. Time in coverage is the minimum

of the time needed to fly through the detection zone and

the average time required for the defense to kill the pene-

trator; the latter depends on P s(j).

Step 3. Third, the average number Nai(i) of inter-

ceptors alive during the ith bomber's time in coverage

is estimated, permitting approximation of the number avail-

able to perform intercepts. Expected interceptor attrition

is computed based on the number of engagements performed

per bomber, which in turn depends on the level of defense

saturation by the offense. The ratio of Epic (i) to the

number of fighters available on CAP leads to E dlay(i), the

estimated delay between intercepts attempted on the ith

bomber. Edlay(i) allows the model to capture the effects

of saturation on the defense.

Step 4. Next a probability distribution, Pni(ik),

is derived for the number, k, of intercepts possible on the

ith bomber. The bomber's entry point x is assumed to

follow a discrete uniform distribution across the width

of the corridor. For each value of x, Edlay(i) is used to
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calculate the expected maximum number of intercepts

against the bomber. This expectation is then used to cal-

culate Pni(ik).

Step 5. Finally, P ni(i,k) is used to find the

probability distribution, P ne(i,j), for the number j of

engagements possible against the ith bomber. This allows

combining Pne (i,j) and P s(j) into an expression for P(i).

Because of the importance of tines between inter-

cepts in the analysis, the expected intercept time was cal-

culated separately for each value of x. The calculation

flow of the model is illustrated in Figure 9. The estimates

marked with asterisks are recalculated for each bomber.

Extensions over ENROUTE

The model has three significant features not found

in ENROUTE. First, the number of BDMs carried is calculated

by ENROUTE for the purpose of computing the number of cruise

missiles offloaded, based on the expected number of

encounters per CMCA. In doing so, ENROUTE assumes that the

bomber is armed with BDMs for each encounter. It does not

permit the user to input the number of BDMs (Ref 5). In

contrast, the model reported here includes possible BDM

depletion, permitting the user more flexibility to compare

payload mixes.

A second major difference from ENROUTE is in the

manner in which the number of engagements per bomber is
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Fig. 9. Analytic Model Calculation Flow
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calculated. ENROUTE utilizes a constant value for CMCA

time in coverage and a single value for the average time

between AI engagements (Ref 5). The model conditions time

in coverage and intercept times on the lateral position X

of the penetrator in the corridor, and then calculates

overall distributions based on a discrete uniform distribu-

tion of X.

The third major difference between this model and

ENROUTE is that bombers are treated separately, and may

have different probabilities of survival according to their

arrival times. In ENROUTE, all bombers are independent

and are treated identically (Ref 5). Hence, the extensions

in this model may permit better assessment of AI saturation

and attrition effects which may occur towards the end of

the battle.

It is important to note that ENROUTE has advan-

tages over this model in some cases. ENROUTE models

multiple fighter types and AWACS kills by BDMs. In addi-

tion, its scenario includes multiple AWACS aircraft and the

added threat of ship-based SAMs in the FAD.

Model Development

The derivation of the model's estimates is reported

in the sequence that computations are performed.

Finding Ps(j). The probability that a bomber sur-

vives given j AI engagements depends upon how many BDMs
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the bomber has for each engagement. It is derived from

the engagement scenario in Figure 10. An engagement is

said to occur whenever an Al that has been vectored to the

vicinity of a bomber succeeds in locating the target and

performing at least one pass in which he will fire AAMs

if not killed first by a BDM.

Consider an engagement in which the bomber has no

defense missiles. The Al will attempt to kill the bomber

on two passes. Then the- bomber's survival probability for

the engagement, given at least one AAM pass is

S = Pr{AAMz -.iss on first shot}x[Pr{no second pass}

+ Pr{second pass}Pr{AAMs miss on second pass}]

(1-KI) (-E 2+E2 (l-K2 )] (1)

where

Ki, K2 = Pr{AAM volley kills bomber} on the first

and second passes, respectively, and

E = Pr {AI converts to a second pass, given

that both sides survived the first}

If the bomber begins an engagement with a single

BDM, he attempts to fire it on the first AI pass. If he

fails to detect the fighter in time to fire the BDM then

he is certain to fire on the second pass, providing he sur-

vived the first pass and there is a second pass. Hence his

survival probability given at least one AAM pass -.s
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SI =Pbdi[Kb+(l-Kb)S0] + (l-Pbdi a (2)

where

= (1-K 1 ) [1-E 2 +E 2 [Kb+(l-Kb) (1-K 2 )]], (3)

Pbdi = Pr{bomber detects interceptor in time to fire

BDM on first pass], and

Kb = Pr{launched BDM kills AI}.

Consider next the case in which the bomber has at

least two BDMs. Because the AI will make at most two

passes, the bomber will fire no more than two BDMs. If

S2 is the probability the bomber survives this engagement,

then,

S 2 = Pbdi [Kb+( l-Kb) e] + (1-Pbdi)a. (4)

Thus the value of P s(j) depends on how many of the

j engagements are of each of the three types.

The expected number of engagements a bomber can

survive and still have two BDMs is estimated by first calcu-

lating Emfs2, the expected number of BDMs fired by a bomber

per engagement, given that he survived the engagement and

started it with at least two BDMs. Hence, using condi-

tional probabilities,

69



E=l.Pr{l BDM %as firedborber survivedi + 2- Pr{2 BDMs wereEnfs2

firedf bomber survived}

=Pr{ (Survived)'(Fired 1 BO)M) } + Pr { (Survived)n (Fired 2 Brt4s)
Pri SurvivedJ

Thus,

E fs2 = pbdi K b+ (1- b) (1-Kl) (l-E2)] + (-bi

+ 2P bdi(IK b )]/S 2 (S 2<0), (5)

where

=(l-K 1)E 2 [K b+(l-K b)(l1K2 )H. (6)

Then the approximate number of engagements the bomber can

survive before having less than two BDMs is

E M/Ef 2  (7)

where M is the initial number of BDMs.

The model assume~s that the expected number of

engagements the bomber can survive before having less than

two BDMs is the integer part of E nw2 , or

N 2= Tnt(E nw (8)

The fractional part is not discarded; it is used to help

approximate Mi. the expected number of engagements sur-

- vived in which the bomber carries a single BDM initially.
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It is possible for a bomber to use his last two

BDMs in the same engagement, and thus begin no engagements

with exactly one defense missile. Note that the expected

number of BDMs left after the bomber has survived N2

engagements is

Ebml = M - N2 (Emfs 2) Emfs2 (Enw2-N 2  (9)

If EbmI is less than one-half, the model sets N1

equal to zero. Otherwise, N1 is calculated as follows.

Assume that the bomber has a single BDM before an engage-

ment. Then the expected number he fires given that he

survives is

Emfsl = Pr{l BDM firedibomber survives}

= Pr{bomber survives and fires 1 BDM}/S1

= [Pbdi[Kb+(l-Kb) (1-K 1 ) [I-E 2 +E2 (1-K 2 )]]

+ (l-Pbd i ) a]/Sl, (SI>0) (10)

where a and a are found in (3) and (6), respectively. Then

N1 = Int{l/Emfsl}, if Emfsl>0. (11)

The results derived thus far enable estimation of

the bomber's probability of surviving j engagements. The

desired function is
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S2J 0_j<N22 0~< <N

P s(j) S 2  S1 j-N2 N2< j<N2 +N1
N2 N1

S2 S1  S0 j-(N 2 +N) j>N2 +N1 . (12)

Furthermore, the form of Ps(j) allows computation

of Entk the expected number of AI engagements needed to

kill the bomber.

Entk = PS(j)
j=0

N +N +1
N2  1 2 j-N 2N2 S3 + S 2 E S 2

- 2 21
j=0 j=N2 +1

N N j-(N2+NI)
2 1 J=N2 +N+ 1 0

N2  N N

$ 2 + $2 1 2J

N N 0+ S 2 S zs0
2 1 j=l

N2+1 Nl+l1-S2 S 2 (Sl-S 1
2 + 2 1 1

-S 2  I-S1I

N2  N
2 S1

+ 2 , provided S21 Sit S0  1. (13)
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As a check, note that if S2  S1  SO, then Entk

i/(l-S 0 ), which is the mean number of trials till failure

(kill) for a geometric distribution.

Another key variable is SI, the probability an

interceptor survives an engagement. Based on the same

engagement scenario used for S2 , S1 and SO, it is calcu-

lated as follows:

S I = (Pbdil-Kb) + (1-Pbdi))

[K1 +(l-K I) (l-E 2 +E 2 (1-Kb) ) . (14)

The values of Entk and SI are used to compute E P(i) and

NAI(i).

Finding Epic(i). The expected number Epic(i) of

penietrators (bombers and ALCMs) in AWACS coverage during

the ith bomber's attempt to penetrate the FAD is estimated

assuming an unlimited supply of interceptors on CAP.

Later adjustments are made for delays due to availability

of interceptors. One part of this estimate is E bic(i),

the average number of bombers in AWACS coverage during the

ith bomber's passage. Ebic(i) is a factor in the satura-

tion of the defense. It is based on the bomber's expected

time in coverage and on the rate that bombers arrive in the

corridor.

Suppose that a bomber enters the detection circle

at lateral distance x from the center, and is at position

73



(x,y) when a fighter leaves the CAP to attempt intercep-

tion. Recall that the CAP is located at (0,0) on the

coordinate axis, and that the bomber flies parallel

to the y-axis. If the speeds of the bomber and

interceptor are VB and VII respectively, where V <VB B I
then the minimum time till intercept can be shown to be

-VBY + /(x 2 +y2)V 1
2 - X2 VB2

TI(x'Y)' = 2 2

VI - VB (15)

Let R = Rd, the radius of the AWACS detectionde t

circle for bombers. The bomber is detected when its path

first intersects the circle and leaves radar coverage when

it crosses the back side of the circle. Because x is

fixed, the bomber is detected if IxI<R, and the value of

y can range from \'R2-x2 to - R2_x 2 while in the detec-

tion zone. Then the expected time between engagement

attempts given the bomber entered a lateral distance x

from the AWACS is

Etic(x) = 4 -x(

f=x TI (xy)fy (y)dy. (16)
R 2_x2

where f (y) is the probability density function of y.
y

For simplicity, assume that a given intercept attempt is

equally likely to have begun when the bomber was at any

vertical point in coverage. Then y is uniformly
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distributed along the segment in coverage determined by

its x-value. Thus,

y = 2V R2-x2 for all yC(- IR 2 -x2, V ),

and equation (16) becomes

E (x) 1 /R2 -x 2 VB y+ V(x+y )V I x V BEt-(x) ___ 2 2dy
t__-_2  L_2 V 2

2 1 2 R_ 2  VB B

2(V I ~VB V V 2

2 VR 2 _x 2 +j Z 2!2

+ x2(1 B2) Ln' V 2 (17)

VI - 2_x2 + R 2 -x2 V22

Note E ti(x) is not a function of the bomber, i, since

an unlimited number of interceptors on CAP has been

assumed.

The penetrator's time in coverage is defined as the

time the defense regards the penetrator as a target. It

begins when the bomber enters AWACS radar coverage and ends

when the bomber (1) is killed, or (2) exits the back side

cY the AWACS range without an AI assigned to it, or
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(3) concludes an engagement initiated prior to existing

but occurring after exiting the AWACS circle of detection.

E .(x) is used to calculate the bomber's expected
ti

time in coverage as a function of x, given that no delays

occur between the end of one intercept attempt and the

beginning of the next one for the same bomber. Estimation

of the time in coverage assumes that no delays occur,

because this result will be used to quantify the demand a

single bomber makes on the defense under ideal defensive

conditions. Then the defense's ability to meet this demand

will be determined, and delays may be estimated.

First let E1 be the probability that an inter-

cept attempt results in engagement with the bomber. Then

an average of l/E1 intercepts must be attempted for one

engagement to occur. Thus, the average number of inter-

cepts needed to kill a bomber is Entk/E I . Hence, if com-

mand and control delays between interceptor assignments on

a bomber are negligible, the expected time in coverage

given an entry point x within the radar range of AWACS is

En+k Et(x) i (E -l)E (if <
E.()=E 1  E1 VB

Etic(x) 

B

2427_x 2  Eti (x)
VB + o.w. (18)V B  2

Note that E tic (X) may include an intercept attempt which

begins while the bomber is in coverage, but terminates

76



beyond AWACS radar range. For the case where less than

Entk intercepts are initiated before the bomber leaves

coverage, a final intercept attempt is assumed to be half

over.

The bomber's entry point x is assumed to be a

random variable uniformly distributed across the width of

the corridor, whose boundaries are XL and XR. The total

width of the corridor is (XR-XL) and the portion of this

that results in bombers entering AWACS coverage is

Dx = Min{X RI - Max{X L,R. (19)

The model gives an approximation for the condi-.

tional expected time a bomber is in AWACS coverage, given

that it is detected. Ten evenly spaced entry points xT are

specified across the part of the corridor in coverage:

x- = Max{X -R) - D /20 + TD /10, "=l,2,...,l0.
L 'x X

(20)

Each bomber entering AWACS coverage selects one of these

ten points at random. The expected time in coverage given

the bomber is detected by the AWACS is

10
Eticld = 1/10 Z E tic(x). (21)

_tic
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The probability that the bomber is detected is

D x/(XR-XL ); thus, the unconditional expected time in cover-

age per bomber is

D
Eticb - XRXL Etic I d  (22)

Assume that Tbb, the time between successive bomber

entries into the corridor, is a constant. Then there are

no other bombers in coverage when the first bomber attempts

to penetrate, and approximately Eticb/Tbb at the moment it

leaves coverage, assuming that this is less than the total

number, Nb, of bombers. The average is

Etcticb 
(23)Tbb

For the ith bomber, the number of bombers still in coverage

when it enters is Min{i, Eticb/T }, and the number when it

leaves is Min{Nb-i, Eticb/Tbb}. The average is

Ebi(i) = Min{Nb-i, Eti b/Tbb}

+ Min{i, Eticb/Tbb}. (24)

Note that as Nb gets large, Ebic (i) equals

Eticb /Tbb for i greater than or equal to E i/T
The expected number of cruise missiles in coverage

is calculated in a similar manner. The number of
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intercepts required to kill an ALCM is I/Ea , where Ea is

the probability that a vectored fighter locates and fires

AAMs at its target ALCM. Recall the assumption that AAMs

kill the ALCM with probability, one. Let Rdcm be the detec-

tion range of ALCMs by the AWACS. It is assumed that:

(1) 2Rdcm is less than XR-XL, and (2) the detected ALCM

entry points, x, are uniformly distributed from -Rdcm to

R dc m . Therefore, the probability an ALCM released by a

bomber is detected by the AWACS is 2R dcm /Dx . Thus the

expected time in coverage,Eticl for a detected ALCM is

calculated the same way Eticld is for the bomber in equa-

tions (18) to (22), with the following changes.

R = Rdcm instead of Rdet,

V instead of Vb ,

Entk = /Ea.

Thus, for a given ALCM,

= E' 2Rdcm

Etica = Etic d ( D x (25)

Each bomber carries Ncmpb ALCMs, each of which pro-

gresses through the corridor after launch at about the same

speed as the bomber. Therefore, the expected number of

ALCMs in coverage during the ith bomber's passage is

Emic(i) E bic W PL Etica /Eticb (26)
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where

T = Time between ALCM launches for a single
ba

bomber,

P = Portion of ALCM load a surviving bomber

launches by the time it reaches y = 0 (adjacent to AWACS)

=ALCM (1 S (27)

R ALCM= Distance from border at which bomber first

launches ALCMs

SR = AWACS distance (standoff range) from border

Note that, although the model's coordinate system places

the AWACS at the origin, the user-defined inputs RALCM

and SR use a point on the defender's mainland as reference

point.

The expected number of penetrators in coverage,

Epic' while the ith bomber is detected, assuming no defense

delays, is the sum of E bci) and E mic (i). However, for

the purpose of capturing saturation effects on the defense's

ability to assign fighters to its highest priority targets--

which are assumed to be bombers--E ci) includes only
Pic

penetrators which the defense cannot distinguish from

bombers. That is,

Epic(i) E bic W + PmbE mic(i), (28)
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where

P = Probability an ALCM is mistaken for a bome-r.

Clearly, the value of E Pic(i) can directly affect

the availability of fighters on CAP to intercept the ith

bomber. Whether or not delays occur depends also on the

number of interceptors still alive when the ith bomber is

in coverage.

Finding N a(i). Computing the expected number of

fighters alive during the ith bomber's time in coverage

depends on estimation of the AI attrition occurring in

previous engagements with bombers, which may depend on

whether or not delays occurred. First, the average number

N of engagements per bomber, given that no delaysepb

occurred, must be calculated.

Assume that enough AIs are on CAP to intercept

all of the targets in coverage without delay, and that

this number remains large enough throughout the time the

ith bomber is in coverage. If this bomber enters with

x-value x , where xT is defined in (20), then the expected

number of engagements performed against it is

Nepb(X) = Etic (x t)/Et i (x . (29)

When

(Entk-l)Eti(x )/E 1 < 2 R-xB (30)
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the number of engagements with the bomber is not time-

constrained, and the last engagement can be assumed to

result in a bomber kill. Thus, the number of engagements

in which an AI might be killed is N epb(xT)-l. If, on the

other hand,

(Etk-l) Et (x)/E> 2 R2-x T2/V

then the bomber may not have been killed, and the number

of engagements potentially lethal to an AI is N epb(x ).

Let NEPB be the expected number of engagements the

defense performs per bomber. This is the average for all

values of T, or

10
NEPB -E N (xT )/10 (31)NEB l= epb

Let p be the number of values of T, T=l,2,...,l0,

for which inequality (30) is true, and let p=p/10. Then

the expected number of potential lethal engagements against

interceptors per detected bomber (recall the assumption of

unlimited AI on CAP) is

Nlepbld = NEPB-P (32)

Note that, if S2=0, then (13), (18), (29), and

(32) imply that Nepb (x)=l, p=l, and Nlepbld=0. Because

a bomber kill and an AI kill are mutually exclusive events
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for the same engagement, this makes intuitive sense--no

attrition will occur to the AI force.

Because some bombers may go undetected if

Dx <XR-XL' the number Nlepb used in attrition calculations

is

Nlb Nlebid D/(XR-XL) (33)

Now consider the possibility of defense saturation.

Saturation is said to occur when the number of penetrators

in coverage exceeds the number of AIs available to inter-

cept them. If delays are not to occur during a particular

time interval, then the number of fighters performing inter-

cepts must stay at least as large as the number of targets;

if it is ever less, then at least one penetrator in cover-

age will not have a fighter assigned to it. Furthermore,

because fighters perform intercepts only if vectored from

the AWACS, where the CAP is, any AIs which have not arrived

back at CAP after an unsuccessful intercept attempt are not

available.

Thus, one factor determining whether or not satura-

tion occurs is the total time interceptors spend flying

from CAP to intercept points and back. From the inter-

ceptor's point of view, more engagements are performed

against bombers with small x-distances than with larger

ones, due to greater time in coverage and shorter
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intercept times. Thus the expected time to fly from CAP

to the intercept point is a weighted average, or

10 10
SN (xT )E (x) E (xT)

E.l epb ti T=i (tic341itb 0 l1NEPB (34)ZN eb(x)

T=l Nb(x)

Each interceptor will perform at most one engage-

ment per cycle on CAP, because it will either be killed or

require replacement of AAMs. Thus an interceptor will

perform two or more intercepts only if it fails to engage

the target (bomber or ALCM) on the first intercept. Thus,

the expected number of intercepts an AI will perform, given

unlimited fuel is 1/Pel where Pe is the probability of

encountering the target on an intercept attempt. Note that

Pe = Pblv E1 
+ Pav EA' (35)

where

Pblv = Pr(target is a bomber, given that AI is

vectored)

Eb (i) E bic (i)

Epic (i) Ebic (+Ebic (i) mbP L Etica /Eticb

Etib
iP , for all i (36)Eticb+P mbP L tica
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Palv Pr(target is an ALCM, given that Al is

vectored)

=1 - Pbjv (37)

The expected time to fly from CAP to the intercept point

is

Eit P bjv Eitb + Palv Eita' (38)

where

E it a = expected time to intercept an ALCM, calcu-

la.ed in a way analogous to E itb .

After an unsuccessful intercept attempt (fail to

engage penetrator), an AI returns to CAP if he has enough

fuel for additional intercepts. The fighter returns at

the same speed as during the intercept attempt; therefore,

his average tine for the round trip is 2E it. He is

assumed to lose no additional time due to searching for

the target.

In an intercept resulting in engagement, he will

either be killed or require replacement of AAMs; hence his

average time spent is Eit. The engagement is assumed to

take zero time, even if a second pass is made. Thus, with

an average of i/Pe-i (l-Pe)UP e unsuccessful intercepts
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and one engagement, an AI's expected time between arrival

on CAP and when it is killed or must rearm is

Tms = Mission time after saturation

= 2Eit (1-Pe)/Pe + Eit = Eit (2-Pe)/Pe" (39)

Note that, after saturation occurs, interceptors do not

spend time waiting for assignments.

The user can input Tmsmax , the maximum time a

fighter can remain in the battle if always flying at inter-

cept speed. Tmsmax is based on fuel capacity, dist nce

from base to CAP, and fuel consumption at cruise speed

and intercept speed. Thus, equation (39) is replaced by

Tms = MinTmsmax , E it(2-P e )/P e  (40)

The portion of this time that the fighter is performing

intercepts is

Tis =Min{ T msmax , E it/P . (41)

The maximum steady-state fraction of the time a live AI

will spend in the vectored state (performing intercepts)

is

T.Pis is +(42)

sT +Tms r

where Tr is the average time required for an AI to fly to

and from its base and be serviced.
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If the number of live fighters is N a(i), the

maximum steady-state number that can be simultaneously per-

forming intercepts is estimated as P isN ai (i). Therefore,

saturation occurs when

P. N a(i)< E (i) (43)
is ai Pic

In this case, the fraction of the number of intercepts

that can be performed is y(i)=P isN ai(i)/E Pi(i), and the

number of engagements potentially lethal to AIs, which was

Nlepb in (33), is replaced by

Nleas W= Nlepb W (44)

Therefore, fighter attrition is estimated from

equations (14), (33), and (44). The number of fighters

alive during the ith bomber's (expected) time in coverage

is estimated recursively for i=l,...,Nb -

iN ai(i-l) - (l-SI)Nlepb if y(i-l)>l
Nai(i) ai (45)

N ai(i-l) - (1-SI)Nleas o.w.

and N ai (0) = initial Al inventory.

The computation of N a(i) is used directly to

establish a function for expected delays between inter-

cepts, which is used to estimate P n(i,k).

ni
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Finding Pni(i,k). The probability P n(i,k) that k

is the maximum number of intercepts that can be attempted

against the ith bomber is determined primarily by Edlay(i),

the expected delay between intercept attempts.

If saturation has not occurred, then it can be

assumed that no delay occurs. On the other hand, suppose

that saturation has occurred then the number of pene-

trators in coverage is I/y(i) times the number of AI avail-

able to perform intercepts. Then y(i)E Pic(i) of the pene-

trators each have one AI assigned to them and the other
(l-y(i))E (i) are not being intercepted.

P ic

This implies that l-y(i) is the average fraction

of the time that the typical live bomber does not have an

interceptor assigned to it. Hence, for each intercept

attempt performed against the bomber, the average delay is

= I-Y(i) E +( 1 1) (46)Edlay(i) = Eit (i) = y(i)

when E Pi c (i)>P iasN ai(i).

Thus the expected time between intercepts of a
bomber entering the x-value xT is E t(x ) + E (i), and

the number that can be performed before the bomber leaves

coverage is approximately

N1(i~2)[ =xn , ___________ (47)
N Iilt) I nt .5 + Vb(Eti(x,)+Edlay(i))
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The distribution P n(i,k) is computed by calculating
ni

N (i,T) for each T=l,...,10. Each time N (i,T)=k, the esti-

mate of Pni(ik) is increased by .lxD (XR-XL), resulting in

(Number of values of T for which NI(i,T)=k)D.

P .(i,k)= lO(XR-X-)ni Dn x ,k=O. (48)

xR-XL

Finding P ne(ij). Finding the probability that j is

the maximum number of times the defense can engage the ith

bomber is straightforward from P . (i,k). If the number ofni

intercepts is k, then the probability that j of these result

in engagements is (k)E 1(1-E )kj, when j<k. Thus,

Pne (ij) = Pni(i'k) ( k)Ej(l-E)k - j  (49)
k=j

For computation purposes, the maximum number of intercepts

is set at 15.

Finally, the probability that the ith bomber sur-

vives the battle is

15
P(i) = E Ps(j) Pn (i, j)

j=0 ne

15 15 p n(ik)(k)E j (l-E k-j
E P z ni j 1 1  (50)

* j=0 k=l
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The expected number of surviving bombers is

N

Ebs = P(i). (51)

Estimation of the number of ALCMs launched and the

number of ALCMs surviving is straightforward after P(i) is

found.

Estimating Em, and E . If a bomber survives, it

is assumed to penetrate far enough to launch all Ncmpb of

its cruise missiles. Even the bombers killed succeed in

launching a portion of their ALCMs before they are detected.

Assume that each surviving bomber spends exactly

time T ic= 7,R /2V in coverage; i.e., the detection zone

is of constant width rRdet /2, which is the average width

of a circle of radius Rde t * Then the minimum number

launched is

R - SR - 7RE mb d - RALCM - B T bRdet/4 (52)
VB ba

The time until a bomber is killed can be modeled

with an exponential distribution. While a bomber is in

coverage, the probability that it survives for an interval

of time of duration At is independent of what happened

before. It is also independent of when the time interval
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begins, if the mean time between intercepts is assumed to

be constant.

P(i) can be used to estimate the exponential mean.

Let T (i) be the time the bomber survives after it iss

detected. Then

- XT
P(i) = P(T s(i) >Tic) = e Ic. (53)

and

-lnP(i) 0 < P(i) < 1 (54)
ic

Suppose that a bomber is killed before it leaves

coverage. Then the conditional expectation for its time

in coverage is

Etk = E(Ts(i)ITs(i) <Tic)

icTi -X -XT.

e-xe dx 1 T e
c ic-AT" -XT. (55)

e C ie iC1 - e 1- e

Therefore, the estimated total number of ALCMs

launched is

Nb
Nb Ek

E = M. z [P(i)N cmpb + (l-P())(Emlbd + Tb- ) (56)

The expected number of ALCMs detected per bomber

by the defense is
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2R c
E =PN x dc (57)mdpb I cmpb X R-X L

where

P R ALM-SR

Vb Tba

For each ALCM detected after launch from the ith

bomber, the approximate probability it is killed is

n.
P mkld~') = 1 - (1-P mb E a (58)

where

-i E +E t ic
Eita +Edlay )

E -r dcm
tic 2Va

This result assumtes that only ALC~s not distin-

guiished from bombers will be intercepted. Therefore, the

estimated number of ALCMs killed is

N b
E mk E mdbPml~)(59)

Finally, the expected number of cruise missiles

surviving is

E ms E -l E mk(60)
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Computerization and Verification. The model was

encoded in FORTRAN V, using the same general notations for

variables as just described. With one run required for

each set of inputs, the program prints out the computed

values of Ebs, Eml, and Ems, as well as the values of

P(i) for all i=l,2,...,Nb. If desired, however, the user

can insert additional PRINT statements to output other

calculations used.

To confirm that the program performed the calcula-

tions as required by the model, a sample case was run. The

calculations in the model were also performed by hand, and

the results agreed with those obtained from the computer.

Other than the research conducted before conceptualizing

the scenario, no validation has been attempted for the

analytic model. However, the next chapter describes

efforts to compare the results generated by the Q-GERT

model and the analytic model, providing an indication of

their respective validities. The relative efficiency of

the two models is also discussed.
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VI. Results and Comparisons

The simulation model in Chapter IV and the analytic

model in Chapter V were designed for study of the same

scenario, and were built upon similar assumptions. There-

fore, if both models are reasonably valid, the information

they provide should not be conflicting. On the other hand,

if major differences are found between the models' results,

finding the source of the inconsistencies can be instruc-

tive.

This chapter reports the results generated to pro-

vide mutual verification of the models, and illustrates

how the Q-GERT and analytic models can be useful for BDM

issues.

Comoaring Study Results

Data Generation. The Q-GERT model was used to

generate estimates of the number of bombers surviving and

the number of ALCMs launched for 24 different cases. Then

results were obtained from the analytic model for the same

24 cases.

The five input parameters which varied among the

cases were M, E1 , E2, Rdet and Ncpb where
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M = Number of BDMs carried per bomber

Ncmpb = Number of cruise missiles per bomber

E1 = Probability engagement (at least one pass)

occurs given an intercept attempt

E2 = Probability a second AI pass is made, given

a first pass in which both bomber and fighter

survived

Rde t = Distance at which the AWACS is assumed to

detect bombers

Three levels of M were tested: zero, four, and

eight BDMs. In each case, the number of cruise missiles

was

N = 20 - S . (61)
cmpb

The maximum number of cruise missiles was assumed to be

twenty per bomber. One was offloaded for every two BDMs.

As a measure of ECM effectiveness R was set at
de t

two levels: 200 NM and 125 NM. E1 and E2 are used to

represent the effectiveness of bomber ECM against a

fighter which relies on its radar when trying to find and

engage the bomber. Thus, improving the ECM reduces both

the probability a fighter makes a first pass (E1 ) and the

probability of a second pass (E2) if a first one has

occurred. E1 was set at four levels; in each case, E2

was input with the value
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4 (1-E) I+E 1

E =E +(-) lE 1 (62)
2 1 + 2 2

E was set higher than E for a given ECM suite because
21

retaining contact with a bomber is assumed to be easier

than acquiring it initially. Hence, each input case assumes

that a bomber has twice as high a chance of escaping detec-

tion as it has of eluding a fighter which has already made

one pass; i.e., equation (62) can be rewritten as

(1-E1 ) = 2(1-E 2 ) (63)

The remaining inputs to the models were held con-

stant for all cases. The values of these parameters and

the levels of the variables are listed in Table 2.

Ten simulation replications were run for each case,

and the estimates obtained were the average numbers of

bombers surviving, ALCMs launched, and ALCMs surviving in

the ten runs. The same three quantities were estimated by

one run of the analytic model per case. Both models'

results for bombers surviving and ALCMs launched are sum-

marized in Table 3. The cases are numbered from 1 to 24

4n the table.

Similarity of Results (Verification). Inspection

of the data shows that, in most cases, the analytic model's

estimates are fairly close in magnitude to the correspond-

ing simulation results. More importantly, a high
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correlation is found between how the two models rank alterna-

tive cases.

For example, consider how the cases in which R =
det

200 NM are ranked by the two models according to bomber

sufvival as shown in Table 4.

TABLE 4

RANKING OF CASES WITH Rdet = 200 NM

Highest EBS Lowest EBS

Analytic 5 1 2 6 3 4 7 9 8 10 11 12

Simvulation 5 1 6 2 3 7 4 8 9 10 11 12

The minor differences in ordering by the models may be due

to variability of Q-GERT results; i.e., differences between

adjacenty-ranked simulation outputs may be statistically

insignificant.

Similar high correlations are found when Rde t = 125

or for other sets of cases in which one factor is held con-

stant. Similar correlations are found for both EBS and EML.

For example, the cases in which M=8 are ranked by EBS as

shown in Table 5.

TABLE 5

RANKING OF CASES WITH EIGHT BDMs

Highest EBS Lowest EBS

Analytic 13 1 14 2 15 3 16 4

Simulation 13 1 14 2 15 16 3 4
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The sensitivities of estimates to a single parameter

change are close for both models, with the notable excep-

tion of changes in EBS caused by reducing Rde t (from 200 NM

to 125 NM) when EIK 1 is low (.2 or .4). When this occurs

(Table 3), the analytic model predicts little or no effect

on bomber survivability, while the simulation predicts a

definite increase in EBS. Further analysis suggests that

the cause for the difference is a subtle variation between

the models' assumptions about interceptor allocation.

In the analytic model, the defense is assumed to

allocate AIs only to penetrators it believes are bombers.

Thus, when Pmb (the probability an ALCM is perceived to be

a bomber) is input to be zero, as was the case for the

runs in Table 3, no ALCMs are engaged.

In the Q-GERT model, all detected penetrators

(including ALCMs) enter a queue to wait for available

fighters--even if Pmb=0. Penetrators which are thought to

be bombers are served (intercepted) first, but when no

bombers are in the queue, the lower priority penetrators

(ALCs) are assigned interceptors. Decreasing Rdet reduces

the number of bombers in coverage, and frees interceptors

to pursue ALCMs. Because the ratio of ALCMs to bombers

(recall that Rdcm is held constant regardless of Rdet)

increases, more of the fighters are intercepting ALCMs

than Rdet= 2 0 0 NM; therefore, bombers arriving at the queue
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(when detected or after surviving an engagement) will wait

longer for interceptors to become available again. Even

slight delays serve to reduce intercept attempts enough

that, when E1K 1 is small, the probability that detected

bombers survive increases. Such delays do not result in

the analytic model because no ALCMs are intercepted.

Applicability to BDM Analysis

The results in Table 3 reveal the sensitivity of

both the simulation model and the analytic model to the

number of BDMs carried, in terms of both bomber survival

and the number of ALCMs launched. This sensitivity to

BDM effects in the air battle is the primary advantage of

the models developed in this thesis over SPEED and ENROUTE.

Four effects of BDM deployment impact the outcome

of the bomber mission: survival of engagements, fighter

attrition, BDM depletion, and payload tradeoffs. Realistic

modeling of BDM issues should represent all four BDM conse-

quences.

First BDM Effect. The first, and most obvious,

effect of BDMs is to increase a bomber's probability of

survival. Bomber defense missiles with sufficient range

can kill an interceptor before it can fire its air-to-air

missiles. This feature is modeled directly by the thesis

models and by ENROUTE, but not by SPEED. In SPEED,

reducing the fighter's kill probability is the only way to

102

.. . .. I



represent BDMs. ENROUTE also provides for short-range

BDMs used to destroy the fighter's AAMs after they have

been fired.

Second BDM Effect. The next consequence of BDMs

is that destroyed fighters reduce the number of AIs sub-

sequently available to attack penetrators. If BDMs are

carried, ENROUTE computes a factor by which the number of

possible engagements will be reduced. However, it assumes

that this reduced number of fighters available is constant

for each bomber, regardless of when the bomber enters the

battle. In SPEED, the effect of fighter attrition can be

modeled only by artificially decreasing the fighter inven-

tory at a base.

Both of the new models treat fighter attrition in

greater depth. The Q-GERT model extensively models the

allocation and recycling of individual interceptors. When

one is killed, it is removed from the battle, so that less

fighters are available as the battle progresses.

The analytic model estimates fighter attrition

recursively. The average number of fighters available is

estimated for a given bomber's time in radar coverage,

based on the expected number of previous engagements per-

formed. Hence both the number of engagements and the number

of fighters available can vary among bombers.
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Third BDM Effect. Another consequence of lethal

defense is the possibility that a bomber is engaged after

it has used all of its BDMs. When this occurs, the bomber

presumably has less chance of surviving a fighter attack.

However, ENROUTE assumes that a bomber is armed for every

engagement, and SPEED would require significant modifica-

tion to consider this effect. In contrast, the Q-GERT and

analytic models in the thesis are sensitive to the input

number of BDMs, because BDM depletion is possible. This

is illustrated by cases in Table 3 where EBS is greater

when four BDMs are carried instead of none.

Fourth BDM Effect. The fourth major consequence of

carrying BDMs is that it usually means a portion of the

strategic offensive weapons must be taken off the bomber

to accommodate the added weight of the BDMs. ENROUTE com-

putes the number of cruise missiles replaced by BDMs from

its estimate of the expected number of engagements per

bomber, and assumes that this ideal number of BDMs is

carried by each bomber. This assumption limits the flexi-

bility of the model for addressing tradeoffs. The two new

models allow more extensive tradeoff analysis. The impor-

tance of such considerations is illustrated by cases in

Table 3 where raising EBS by increasing the number of BDMs

reduced the number of ALCMs launched. In addition, the

results show that increasing the number of BDMs does not
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necessarily improve a bomber's survivability, as valuable

saturation effects may be lost because less ALCMs are

carried.

Summary

The generally high correlations between the simula-

tion results and estimates from the analytic model increase

one's confidence that both the models correctly represent

the major assumptions in the conceptual models.

Both models are capable of providing unique insights

into problems involving bomber defense missiles. Further-

more, the simulation model is relatively fast-running,

requiring an average of about 20 seconds of CDC 6600 com-

puter time for ten replications. The analytic model is

quicker, requiring about one second of CPU time per run.
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VII. Conclusions and Recommendations

The purpose of this thesis was: (1) to develop two

different specialized models for analysis of bomber pene-

tration of the FAD, and (2) to compare the relative utili-

ties of simulation and analytic modeling. This chapter

summarizes the results of the study.

Value of the Models

The simulation model described in Chapter IV and

the analytic model in Chapter V were designed to study an

issue currently being addressed by ASD's Deputy for Strate-

gic Systems. Specifically, what are the relative values of

bomber defense missiles and electronic countermeasures as

penetration aids for bombers penetrating an AWACS air

defense? In addition, what are the relative gains or losses

in terms of numbers of cruise missiles launched?

Analysis of this problem at ASD has been performed

using the SPEED and ENROUTE models. The primary advan-

tages of the models in this thesis over SPEED and ENROUTE

are in the consideration of BDM effects. Four major con-

sequences of BDM deployment were identified, and the new

models were designed to model these effects more real-

istically than the models used by ASD. Therefore, the two
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models in this thesis may be more useful for the study of

certain cases involving BDMs.

The simulation model uses the Q-GERT simulation

language, illustrating that an air battle can be described

as a queueing system. The penetrators and interceptors

are two types of "customers" waiting to be paired by the

AWACS "server;" the resulting intercept attempts con-

stitute "service." Use of Q-GERT networks is found to be

useful when creating a conceptual model of bomber penetra-

tion and then translating it into computer code. The same

is undoubtedly true of some other higher-order simulation

languages based on network flowcharts.

The analytic model also has unique features. A

bomber's estimated survival probability is dependent upon

when it enters the battle. This is based on the inter-

ceptor population, which is estimated recursively for the

sequence of bombers. In addition, probability distribu-

tins for the number of engagements per bomber are estab-

lished, based on a distribution for the bomber's location

in the corridor.

Model Comparisons

Chapter VI reports on a comparison of the two

models using three measures of merit. The corresponding

results are found to be relatively close in size for the

tw.o models. More importantly, the models tend to rank
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alternative cases in about the same order. One source of

minor inconsistencies is found and traced to different

assumptions about the defense's engagement strategies.

Although the Q-GERT model runs much more quickly

than larger simulations such as SPEED and APM, a single

replication of the Q-GERT model takes about two times as

long as one run of the analytic model. The greater detail

in the simulation suggests greater confidence in its

results, but the analytic model appears to be accurate

enough to be useful when a rapid response is needed. Also,

insights are often easier to see using analytic model

results.

Recommendations

Preliminary inspection of the data generated by the

two models reveals that they have at least face validity.

However, more complete understanding of the value of the

models can be gained from further study in two areas.

1. Output results should be obtained from the

models for a wide range of input cases varying the value of

each parameter from its minimum to its conceivable maximum.

The results should be inspected, and compared between the

models, to find the set of inputs for which each model

gives meaningful results.

2. A formal comparison should be made between the

results of the two new models and the corresponding results
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of SPEED, for the cases where SPEED is thought to be accu-

rate. Additional comparisons among all four models--SPEED,

ENROUTE, and the tw models in this thesis--should be per-

formed for a wider range of inputs.

Although the two thesis models are directly appli-

cable to certain problems, they can be viewed as ground-

work for more extensive tools of analysis. Several areas

of extension are possible. Some possible model improve-

ments are to:

1. Include multiple fighter types and multiple

bomber types.

2. Model ECM and radar effects in greater detail,

making detection distances dependent on altitude, aspect

angles and relative velocities.

3. Allow defense allocation of multiple fighters

per engagement under specified conditions.

4. Include multiple AWACS simultaneously, and

multiple bomber corridors.

5. Model reassignment of vectored fighters to

higher priority penetrators.

6. Include the possibility of bomber missiles

designed to kill an AWACS.

7. Model fighter search tactics in the battle

area after an AWACS is killed or when extra AIs are

available.
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8. Allow fighters to loiter in place after unsuc-

cessful intercepts, or at multiple CAP positions for each

AWACS.

9. Include subroutines to estimate key parameters

from input features of actual weapon systems.

The desirability of such changes, of course, depends on

the needs of the user in a specific study.

Summary

The analyst with a specific problem, such as find-

ing the value of BDMs against a forward air defense, may

find the specialized models developed in this thesis

appropriate. Furthermore, both simulations and analytic

models have unique values for providing insight. Therefore,

if time permits, a parallel modeling approach using both

methods can be beneficial.

110



Bibliography

1. Battilega, John A., et al. Military Applications of
Modeling, Chapter 13. Science Applications, Inc.,
Englewood, Colorado, 1979.

2. Bexfield, James N., et al. Techniques for Evaluating
Strategic Bomber Penetration: An Aggregated Penetration
Model--PENEX, Directorate of Strategic Offensive and
Defensive Studies, AFSA, December 1972.

3. Clark, G. M. "The Combat Analysis Model," Ph.D.
Thesis, The Ohio State University, Columbus, Ohio,
1969.

4. Fawcett, Clifford D., and Chester G. Jones. "Effective-
ness Determination of Bombers Penetrating Through an
Air-to-Air Defense," Operations Research, 18:516-525,
1970.

5. Garbarino, J. R. "ENROUTE User's Manual," Long Range
Combat Aircraft (LRCA) Study Final Report, 1, General
Research Corporation, Santa Barbara, California,
April 1981.

6. Hoeber, Francis P. Case Studies in Military Applica-
tions of Modeling, Chapter I, General Research Corpora-
tion, McLean, Virginia, August 1979.

7. . Case Studies in Military Applications of
Modeling, Chapter IV, General Research Corporation,
McLean, Virginia, August 1979.

8. Ingall, Edward J., Peter Kolesar and Warren E. Walter.
"Using Simulation to Develop and Validate Analytic
Models: Some Case Studies." Operations Research, 26:
237-253, 1978.

9. Jacobson, H. I. Bomber Penetratio7 Model Requirements
for the Net Technical Assessment if Strategic Bomber
Forces, General Research Corporation, Santa Barbara,
California, May 1974.

10. Kobayashi, Hisashi. Modeling and Analysis: An Intro-
duction to System Performance Evaluation Methodology.
Reading, Massachusetts: Addison Wesley Publishing
Company, 1978.

111



11. Lucas, Gary L., and Barbara J. Slaughter. COLLIDE:
An Aggregated Conversion Model for Air Combat.
Arlington, Virginia: Lambda Corporation, December 1972.

12. Monahan, R. H. Bomber Penetration and Weapon Alloca-
tion Models, II. Menlo Park, California: Stanford
Research Institute, October 1971.

13. Murtaugh, Stephen A., and William F. H. Ring. SPEED
Model Volume I--Overview. Buffalo, New York: Calspan
Corporation, March 1975.

14. NA-79-450. Advanced Combat Effectiveness Model, Vol.
1. Los Angeles, California: Rockwell International,
December 1979.

15. Nyland, Fred S. Estimating Bomber Penetration and
Weapons Effectiveness. Santa Monica, California:
The Rand Corporation, May 1974.

16. Pritsker, A. Alan B. Modeling and Analysis Using
Q-GERT Networks. 2d ed. New York: Halsted Press,
1979.

17. Schlesinger, James. From Jane's All the World's Air-
craft, 1980-81, p. 196. New York: Jane's Publishing
Company, 1981.

18. Shannon, Robert E. Systems Simulation--The Art and
Science. Englewood Cliffs, New Jersey: Prentice-Hall,
Inc., 1975.

19. Taylor, James L. "Development and Application of a
Terminal Air-Battle Model," Operations Research, 1:
783-796, 1969.

20. Wilkinson, Captain Richard. Aeronautical Systems
Division, USAF. Personal interviews. Wright-Patterson
Air Force Base, Ohio, November 1981.

112



Appendix A

Analytic Model FORTRAN Code
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PROGRAM ANAMOO

DIME?'STON P(20),ONEC2,tit.) ,FcrRL(Oli5)
01 ?'E SI ON ETKB (20)
RE AL K±,K2,KB~tIEP39NLEPB, NEPANAILAMOA,'4E
DATA XL /-2-j L " /,XR/2JJO/9ROCM/iE 3.lV9/6e/
0A 7A ROET/ZtJC./
DATA VA /6o/,jVI /2. e /)T8/8 o/,vT 1A f ' s/ v EA /. 3/, FMS/ C i/
flAIA RA LC M/ 12;C o/,pTR/ 130 /.,N 6/2:/ T TL A I /
DATA NC4P B/i16/
DATA Ei/.25/,E2/.525/PBOI/.95/,(Bf. 8/,V(1J.8/,K2. 8!/,Nim/6/
DATA SR/3bW.

C
C CALCULATE F(SURVIVE/ENCOUNTER), B)I8ER A4D Al

S±=PEDIr*KB+(±.-K3) 4 SO)+cI.-PBDr)osp2
S2=P30t*(K+(I-<3)4SP2)+UI.-PB)I)*SP2

IF (S2eLE.Q..oORoNMoEQ.O THEN
EN 42:3.
EHFS2=FLOAT (NM)

EL SE

*PBOI* (1.-KB))
FM S2=EMFSZ/SZ
EN W2FL OA T(N ti)/ EHFSZ

EN oIF
lF (SiGT*Co) THEN

EN Ii./EMFS ±
ELSE

EN~i=G

C CALtCULATE P(BOMBER SURVIVES K ENGAGEMIENTS)
A4W 21INT (ENW2)
i3?dL=EFS2* (EN W2-FLOAT(NW2))
;F (ExrML*LTs*5) NWi=O
IF (EBL.GE*5) NWi=INT(ENWi)
PS ')zia,
00 21 K:1,15
IF (K.LE*NW2) THEN

ELSE
IF (K.LE*(NW2.NWJ)) THEN

OS(K) =PS (K-i) ASL
ELSE

0S(K) =PS(K-i)*S0
ENCIF

EN DI F
PRINT "PPS OF #%K, PSK
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C
V CONTINUE

C CA~LCULAITE E(NUP"3ER OF ENGAGEMENTS TILL KItLLED), BOMBER

:aFC52.iEO.1.) Sl=*99

IF (St.EO.io) S02*99
ENTK(1.-S2*4NW2i))/Ci.-S2)+C320"NW2)*Si&,

PRINT ','1ENTK =,OENTK

A4E FS =to

NE FA = to
EITACr.
00 65 Ni,2
IF (NoEOsi) THEN

R = DET

EKNENTK
T=TCEB

EL SE
R= FOCH
V= VA

EKNI.
T=T BA

E4 I $71
C (,IL CULA TE tNUHER OF SOMBEFS/AlLCM5 IN COVERAGE AT ONE TIME
C FIR-S- ^CALCULATE AVERAGE INTERCE"Tr i41E

x± A91N1 (X~,R)
X2=A9AXi(XL, -R)

00 4J L=iIC
X( L) =X2-0X/2vi *+FLOAT CL)-DX/1(~.
A=SC'lT(R'lR-X (L)4A 2.)
:F (Ne-c. 1) DY CL) zA

I ALOG(B+A)/C-A)))/C4.VIOVI-Ib.*V'V)

ZT K(L)=EKN'ETI CL) /E
TI CM X=2.,*A/V
IF (N*E~oi) ETI9(L)=ETI(L)

C NErXT CALCULATE EXPECTED TIPE IN ',OVERAGE
IF (((EKN-lo)'ETICL)/E)LTorICMkX) THEN

ETIC(L) =ETKCL)
IF (NoE09l) PD=PO+91

EL SE
SllC(L)=TICMAX..5*ETIClL)

E'401IF
IF (N*E~oi) 'THEN

XNEP8 CL)=ETICClL)/ETI(L)
1Eoe=NEPB+XNEPB(L) /10.
El T ezEI T 9ET( L) /10.

ELSE
XNEPA (L=ET ICC(L) /ETI(L)
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NE )A=NSPAXN EPA (L) /10*
EITA=EITA4ETI(L)/i09

4 30 NT 1 N -J E
'F ('49Tcst) NLEP3=(tEP2-P0)*CX/(X -XL)
PRINT ','NLEPB= NLEPS
PETIC=11s
00 5' L=Ilt.
PETI 1=PETIC+ETIC(L )/±O.

C COMPUTE AVERAGE TIME IN COVERAGE, !iLL x -.omsrNEO
C 0NTI11NUE
IF (Nst0. 1) THEN

PET IC=PETIC' CXi(XR-XL)
gETIC=PETIC

=L SE
FETIC OETIC* X Cx (29*RDET)

EN Ifr
PRINT 0'PETIC ,TYPE' ,Np v= OPPETI'4

C COMPUTE NUMBER IN COVERAGE OURI4G TEAH BOMBER 0 ASSAGE
DO 6". r=i,NB
:3FLOAT (I)
IF (N*EQ~i) THEN

'rBPIC(I)=(AMINI(NB-e,PETIC/TBB) 4'itNl(BPETIC/TBB)) /2.
EL SE

PL= (RALGH-SR)/(V*T)
9'?ic(i)= eBIC(I)APL*PETIC/BETI.

EPTC(I) =E3IC (I) +P9 4 E4IC(I)
PRINT *,'EPIC= 09,2PIC(I)
Ell -2IF
CONTINUE

65 CONTINUE

PA Vz t.-PB V
E-IT=D9V*E1T 8+PAV*4 LITA
PE =P IV*Ei+PAVO EA
TO CA S=---IT (2.-PE) /PE
EDLAM'()G.9
PI AS =EI T/ (P E*(TOCAS.T R))
PRINT *,popVEITPEqTOCAS =*,PBV,-ITPE,TOCAS
NA I M)TT LAI-NLEP9 4 C i -SI)
DO 71 I=2,N8
SA TPT=PEPIC (I -i) IPI AS
PRINT *,OSATPT=09SATPT
IF (NAI(I-i).GSATPT) THEN

NAT (I)=NAI(I-1) -NLEPB* (i*-SI)
SOLAY (I)=0

EL SE
NAI(I)=NAI(I-1)* (i.-NLEFB' (1.-SI) /SATPT)
-D LAY (I)=EIT* (SATPT/NAI (I) -1.)

ENDIF
PRINT ,11NAIEOLAY = #p4AICI),E3Lkf(t)

70 CONTINUE

00 75 K=1915
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75 CO NT INUE

NIXIjNT(*5+2,*Cy(L)/VB'ETlX))

ac CONTINUE
85 CONTINUE

FC'RL (0O)= is
00 90 M=1915
F^ZTRL (M)=FLOAT (M) FCTRL(M-i)

st CONTINUE-
00 1"! J=0915
00 935 K=Jv,5

95 CONTINUE
it! CONTINUE

00 i2%C I~iNB
P( I) I
00 110 J=Gt15

DO 11F, K=Ji5

2 (K-J))
j!:5 CONTINUE

PCI) :P(I) +PS(J)'PNECIJ)
jjb CONTINUE

Ea S=s ~B+p Q)
PRINT ,P P(S) OF SOMBER tvIO a P(I)

121 CONTINUE
PRINT *I I EBS= ,fEBS
TIC=3*i4i6'PtCET/(2e*VB)
EML9)=(RALCM-SR-3s1i16*ROET/ue) Cv3l'rBA)
00 125 I~iNS
LA40A=~-ALOG(P(I)) /TIC
IF (LAMDA*LEot~.) THEN

ETK8CI) 5(fCv
EL SE

ETI(8(I=1 o/LAMA-TIC* EXP(- LAM3Ar '. ~/(1 -EXP (-LAMOA* TIC))
ENnrF
EM K= .
zML to

125 CONTINUE
ME TIC =3* 1 416RCM/VA
00 i3CI~ 1±NS
EML=SL+NCVPBP(I)(i-P(I))*(EML93ETK(I)/T8A)
EM DPI=PL 02o .RDCM/ ( XR-XL
NE=z4aTrC/ (EITA+EOLAY (I))
PM KO= (PM6IIA) 0 *NE
EM K= cMK+EMD PB* PNKO

13! CONTINUE
EMiS=VA1L -EMK
PRINT *#'EML= ,pEMLEMSx ,pEtS
STOP
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Ap2pendix B

Q-GERT Model Code and Summary
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FUJNCTION UF(IFN)
CO0'MO14UCOMi/NCM(2NC
COMCNOVA'/DENFTIU(512W),NREL(5!,:),NRELP(EVUvNREL2(5J2)9
INRUNgtRUNSNTC(51 ),PARAM(ICtL),T3EGTN W
COMMHON/USE/ATI (2 ))1 VIP VB ,VA~kALCmq N-MP~q; DETvPCCMv
3SR,T,-CYCR<BE1,E2,E-AK1,K2,K9,Pt,)rLA1DADS
REAL KltK29KBLAMOA
DATA vr/2.2./,Ve/G./, VA/r6,/,RALC12.L/t'lZNPS/2-/,RDET/23 .1,

CALL GETAT(ATT)
TM=T tARK(IO)

C
GO TO
1229239Z492152692-1928),IFN

C
C CALCULATE TIME TILL DETECTION*, t5:NOT DETECTED
C

i XtAPBS(ATT(2))
IF C(*LE*RDET) THEN

Y= 151' -n * -SIR-SORT (RDET* 0-2 -X" 2)
UF=YfVP,

EL S E
UF=15Cr,.o

ENCIP
RETURN

C
C CALCULATE TIME FOR INTERkCEPT
C

2 X=AeS(ATT(2))
DELAY=TNO W-TM+ LS-ATT (3)
IF (tgT(i).GE.!4) THEN

V= VA
EL SE

RaROET

-IF (XoLEoR) THEN
Y=P*S0RT(i*-(X/R) M4 2) -D2ELAY'V

EL SE

RETURN
C
C CALCULATE TIME LEFT IN COVERAGE
C

3 TSFEf.JTNOW-(TM+ATT(3))
X:ABS (ATT (2))
IF (ATT(i).GE.34) THEN

F=DC

Y= 77 (r.-AT7(3) V 119



EL.SE
R=ROET

IF (X.LE.R) Y=SQRT(R 4 R-X-X)
ENOIF
IF(X*LE*R) THEN

UF=(Y+SQRT(FOR-X*X) )/V-TSEEN
EL SE UF=i.
ENDIF
RETURN

C
C S^.HECULE NEXT ALCM LAUNKHO 5CG 4EAiS LAST ONE
C

NC '(I 8) =NCM (I1B) +1
IF (NCm(16).E~od) UF=(i5t)U.-FAL3PM)fV8
IF (NCMCIS9)sGEoZ) UF=IC,
IF (INCM(IB)*GToNC!1PB) UC=S*C*
RETURN

c
C FIND TIME TILL ALCM DETECTION;, 5 D=NOT SEEN
C

5 XA zATT(2) +ATT (6)
IF (APS(XA)*LE.ROCM) THEN

YA=SORT (RDCMH12-XA**2)

IF (UFLTu') UF2.*
IF (ATTC5:)*LT*-YA) UF=5ur..

EL SE
UF=5 C*

ENOIF
RETURN

C FT()

C RETURN THE NUMBER OF Al USED FROM INVENTDRY
C

RETURN
C
C C3MPUTE DEGRADE TO ENGAGEMENT PlO3B3ILITY
C

7 T3 C=ATT (t,)-ATT (6)
UF =EXPC-L AMOAa TOC)
RETURN

C
C COI'PUTE ONE MINUS DEGRADE FACTODt
C

8 UFg1.m.EXP(-LAMfJAl (ATT(5) -ATT (E()))
RETURN

C
C STCRE Al TIME SPENT ON CAP
C

9 TSCC=AT(7)
l JF =T SC,
RE 1U N12



C
C RETRIEVE Al TIME SPENT ON CAP
C

I t UP T SOC
%TURN

C
C FIND TIME FOR FECYCING ROUNDTRI2
C

L± UF=TRCYC42.b6(SKRR)/(,5*VI)
RETURN

C
C FIND AI TIME FROM BASE TO CAP
C

1.2 UF=(RB*Sc)/(*5" VI)
RETURN

C
C RECALCULATE Al TSOC

1.3 UF=ATT(7)+3e4ATT(5)
RETURN

C
C SCHECULE Al RETURN TO CAP WITHOJI RECYCLING
C

L4 UF=ATT(5)/@5
RETU-7N

C
C FINDO ALCM V-DISTANCE AT LAUNCH rIMrE
C

151 UF=i -t" - (THOW-TH) *VB-SR
RETURN

C
C FIND X-VALUE OF ALCM POSITION

1.6 UF=ATT(2).ATT(6)
RETURN

C
C COMPUTE MAXIMUM Al TIME ON CAP
C

1.7 UF=2 As -8o" CRB.SR /VI
RETU.:)N

C ASSIGN PPORABILITY(ENGAGEMENTIN) 33M4 FIRST PAS,-')
C OR P(ALCM IS KILLE09 Al MUST RErLYE FOR WEAPONS)
C

1A3 IF (ATTri)*LT*34) UF=Ei#-(i&-FBOL)
IF (ATT(I).GE*34) UF=C*
RETURN

C
C ASSIGN P(FIRST PASS, SOP1 SHOOTS Flisr)q 3R
C PCDLCM IS KILLED, Al IS ARMED TD srAy ON CAP)
C

L6e IF (ATT(i)&LT.34) UF=EifPBOI
IF CATTC±)sGE*.4) UF=EA
rETTU7N
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C
ASSIN FR09AB'lLTY TARGE :S NLJ1IGG

2,. :F (ATTMi) 4 LT,34) UF=±.-Ei
IF (ATrCi)vGE*34) UF=io-EA
RETURN

c ASSIGN AAH KILL FRO9ABILITY9 FIRST PASS
C

21 UP=K-I
RETURN

c ASSIGN P(MISS ON FIRST PASS EUT KEETP CONTACT)

22 UF=(l.-K1)#E2
RE TUR~N

C ASSIGN P(MISS ON FIRST PASS, LOSE ;o04TACT)

C
C ASSIGN SDM KILL PROBABILITY

?4. UF=K9

C

2S UF~i*-KB
RE-URN

C
C ASSIGN AAH SECONO PASS P(KILL)
C

26 UF=K2
RETURN

C ASSIGN AAM SECOND PASS P(MISS)
C

27 UFi -K2
R~ETURN

C
C SZHECULE FIRST Al ON CAP
C

2P UF=(125C*-SR)/VB
RE TUPN
E41
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SUBROUTINE UI
CO H 1WU O I /N CM(2 )
00 1 " I i 2f.
N. CI( = C
CONTINUE
PETURN
EN t!

C
c PRINJT OUT itAPORTA11T RESULTS FRO4 EC4-
C

SUBROUTINE UO

143 '=.N1 (6 2)
f49 S=FTC' (4. 2) 4NTC (9 )
N P'lS=Nrc(66)

HOM)=TC (7) +NTC(5))
4'0 L=TC ( 8)
IF (W~UNsEOoi) THEN

P P INT*
PRItj ,T RUN LIVE DEAD LIVE )E&O LAUNCHED
PRINT N0. BIABRS BMBRS ALCIS ALC'MS ALCMS
PRINT

ELSE
FRINT

IN 7 NRUN,' I ,NBSf %48aj,' ,N~tmS, #
N^CMO, 9 ,fNCM4I

IETURN
E40 -
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QJEUE NODES

NOOE LABEL INITIAL NO. MAXIMUM NO. fUTFUT
IN 0UE'fE ALLOWED TYPE

t3 30 D
13 1 0

50 1 0
44 3 9939 0

*a--------------------------- ------ ~~~c--
PRIORITY MAY OLOCK NODE FOR FOLLOWING

S4HEME INCIOSNT SERVERS BALKERS NODES
*----------- -- - - - - - - - - - -

S4L / I NO 60 19
BIG / 7 NO 14 19
FIFO NO 14 20
FIFO NO 0

00 4ATCH NODES *

n----- -- - - - - - - ----- --- e-

I NODE ,ATCIING O-NODE/ I
I ATTRrRUTE OUTPUT NODE I

- -- - - - ---- neaft --------- e On

19 9 1G 11

13 / 63
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$SELECTOk NOCES

NC VE SELECTOR RULES lAY BLO:K
(OUEUES) (SERVERS) 14:I3ENT SERVEFS

2t. ASH (8/ i) PCR N3

NODE FOR Q-NODES ASSOCIATED
BALKERS WITH SELECTOR

,44 64

ATTRI3UTE ASSIGNMENT INFORMATION

I NODE ATT IBJTE OISTRIBUTION PARAMETER I

I NUMBER NUIBEk TYPE SPECIFICATION I

1 ' IN i eCEO

1 2 UN lCCe
1. 3 UF 10 t G

4 CO 000CC
9 CO Locco

1 a UF 17.Qtc

8 CO 4C*,OLO

8 2 UF 16oGC

8 3 UF

10 5 UF 2,0bG

10 5 UF 3o
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14 7#. CO .L
14 3 Co 1.000

17 3 UP BoCLOI

43 7 UF i 1I)CEC

45 1 CO CLLC
45 r Co (..jtt.
4.5 3o OcG
45 10 UF 17 a a,

47 1 Co GOCLC
4.7 7 Co * k,
47 9 CO 0L
47 1 ~ UP 17 *OLO

48 9 UP eO
'48 taUF B.CbO

49 14 UP 2i.*)LV
49 £5 UP zcr
49 Is UF 23 CtO
4.9 U7 U4Pt
49 is UF
49 £9 UF 26 *1..
49 20 UP 27oCtC

52 1 CO oc
52 F Co CG
52 9 Co co
52 il UF 17*OCC

54 4w. CO eu

57 CO .L

S~ UP
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694 UF
6-9 5 UF C
6-9 6 UN 3.0oC

6-10 UP 4.Ij.0
6-10 5UF 15 9.LO
6-1fP UNLL

6-11 4 UP 4*CiC
6-11 5 UF 15 Vzo
6-11 6 UN C

6-12 UF 4 OC
6-12 5UP is . C 0
6-12 6UN 3.0( On 1

6-13 4UP 4.*C
6-13 5F UP *~LtO
6-13 5 UN 3.0[0

6-14 4 UP 4.0OCC
6-14 5 LIPs uu
6-14 5 UN 303C.0

6-15 4 UF 4 raCC
6-15 5 UP is @ate
6-15 6 UN3.O

6-16 4 UP 4*0CC
6-16 5 UPs 4. 0
6-16 6 UN 3.00c

6 -17 4 UP oC
6 -17 5 UP i 0 0 I 0
6-17 6 UN 34CCO

6-1$ 4 UF
6-18 5 UF 15 GkLc
6-18 a UN 3 Soce

6-19 4 UP 4.OflC
6-19 5 UP 15.*000
6-19 6 UN .U
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65 1 Co c cu
65 7 UP 13 Lcl

68 £ Co 35 cc,

71 UF U8Poc
71 1.2 UF 9*c
71 13 UF 2,9vC

6-1 4 UF OL
6-1 5 UF s*c
6-1 6 UN 36woo

6-2 toUF r
6-2 5 UP is OLE
6-2 5 UN

6-3 UF 4.C
6-3 5 UF 5OC
6-3 5 UN 3.0

6-4 Ii UP 4 *CL0
6-4. 5 UP is oULD
6-4 6 UN 3.000

6-5 4UP 9L
6-5 5 UF 1.5 acc
6-5 5UN 3*#

6-6 UF 4t9eOU
6-6 5 UP 15 *cc
6-6 6 UN .C

6-7 II UP *06-7 5 UF Is OULO
6-7 6 UN 3oc

6-8 'I UP 4*GCG
6-8 UP is.I*DUO
6-8 6UN 3*LCO
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6-C UF *

6-20 5 UF 1. * ID
6-20 6 UN 3 *cc&-

PAZAq-rrZR S2ECIFICATION

PARAMETER -------.... ------ PARAMETERS- ... .------------.
SET ± 2 3

i -2C .*V 2, "O 0 .0 00c c . ,
2 ,0,, cr 6",ocucO, 0.O i'c
3 o"CC2 26 -1osocc 6,..CIoA,

" 1AN3HOM NU"IEER SEEDS '

-- - --- ---- - - -- -

r STREAM SEE0 REINITIALIZE I
I NUMBER VALUE (YES/NO) I

-------- --------------- C e-

1 ',813I7EE98 i11 NO
2 124775952942291 NO
3 13r±8, ?2895E865 NO
4 il5,Z,5?215-i93 NO
5 5630.481793519 NO
c 2 749211396,4r NO
7 24,15234 336L-223 NO
8 47r257. 9978341 NO
s 139383915747251 NO

10 734 DO16396967 NO

132



Z;~ Z -2 2g1~~ Q z=-,2-3 )%

I at-I 4 .4.
I IL. V ,qP4
mz

* a0I 0000 0000
I.--4 **@w I-- eg . . .a * a caC Y0c 0 a

IZI-, 1 i h oc c Ju LJLJW Wc WoWococw waocoao a

4 -M I

f-- I

1: I0 -0 'I 2

II--
H- I J I

S~ ~ ~ . V-4 S C C C C C 3 rLC4 CCi ~~ C

C* CQ Q 4~ ;,%Q 2c P - &tQ C)C cc

-. 4 I RM g r u ~~

944 %0 - C
V. N W rU aN000 qV 49 4 lV 4W 44

ev %t 14 qu %0 Cc 'a .. "CL %D %0 &a O No to %a a C0 0 . %
I~ w - V4

I g c.I

VI V4 NN- NI NUUUAU %U mU %I %MW

H m 3



.312 C3 __ .3 Ca

-3 ,

*A w S 0 0

ot44 ac -9 q

,43 ' c 4 4 2 4r A* . a 4 c .; =

a ~ J C. 42 J'.2 L3 .2 cj ~ :I2.~), .J-J

TA4 .1 VI y. -4 V4 V-4 V4 W.4 W4 '. vt .4 v.4 Vi.i'4 4'4'4 W4'4iI'4'4 W4 V.4 .44 '4 4

Q C t. w .2 C a 4.a, %0 4 = a W C w C Ci %'94 2 4 W 4p Cy C w 42 . W C Wi t

r. e a C.c's ~c . C, C. t c c -t - i c.v.. C c Im C C a 4- m C c
ci ca u; c fij %~j C 4 C 0 A- ;.j Q. wD CJ co Q.J M Q i 4a W) 4- a CD CM r.; UZ ca

c-,t- -'%a -- : rCC. .? *C* ' * . cC.4

~ C QC; 4,.CCCN 1;C 4t C-0~ C2W C
N 4 V4

M ~.tP in "~~ M~ 0f S.. 0 M~ M~ -4 04 w 4. fv l v4 .. .4 94 w4 v4 4 v4 4 v4 w4 0D P. W

134



- *-2 Q

00~ 00 0*

0 0 0 900a 0 0*a 0 0*

C~U Z7 UN C CNQ =CIO .JC L. =a VaCC CC C, "W nwa na =~ C 9CC2 CD

N 4v0I. 4V M M.5 C~L ~~-.cl MC U% Q 0V40 d 00

W4 V4 V.4 V4 V4 V.' 94 Vi 4 94 V-0 T4 v4 t. 4 
94 

to . 6,6 ut vi Wi to4 ko V.4 U .4 J% Let to wk 41 4 atw t

9% N n % N an Af U% L9 t Li LA C. %D P. to C CI.0 (I V4 -we NC M ' to) r4 %UC . N PL..
.9 -r rt It -z .. 4 -* 0Z &i Ci M% m U% kA U%' W% U% Wk 0.% W% Ma IA C V% in

~'L~c~- * ~ ~ ~ .-~135e



~~J .- I QI %a %2 .; 9--) %.a~ ~ ~~2.4- . 3
.J~ IMj j -3 n ~I~ j

00~ 00 000 00 0 0 0 0 00 0

L~~~~~I WWWJWWWLJ UIJLIJ W j (

w0 00v4*-0v w v0000 v v v0V0w v0w.W000V0V N 00 V4

do 64 w 3 L %r %M to 3 ZI 0 Q 42~ .0 w C, co tC. £3 0 0 0 -- 411 4= C, 0a% ac
'a -IC 2 rJ Cj .Z3C-2 2 7' W :s1 1.3 _j 4a j WA -j S4 r. - 4.8 U4 C) Zo " 3 L3 -S t3. J o -

t 3 1. :a azi ze Q C. 1 Ci; 0 c'. u. 3 2-j .2 '2 .J a z -j .J 40 a4 -. a om3 6. i a C3C
-a %4 &.J - ) 12 .A 4~1 '.4 .0 tzs ja -j ..J Z23~. IJ~ ~ 4~ J-. ' JJ L ~
@ 060 60 0 0 0 0 0 0 0 . 0 0 0 0 * 0

N V4

E.C C L ' C C i S2 L C C.. w- %.2 4:0C c:, w D Q 4 7 C2 UA Q,£ ' Cd 42 Q

V4

VlM 4 N-% & N N N W N N M N M f' ~ )t) 9W) IV) ) -Z %D V4 #A W4 % v4 . N

~ 0 ~ ac .. 4 N N NN NN NN NN NN NN N N P) A S 9W. 9-O V~4 4



o. Ja-j ab w a 3 a .3.3 .a ca 2 ca .2 az 0 40 .2 ow w im %m D a= a.;
4 _- = ' C 3 %3 IC3 -" .2 3 ;s -3 .3.3z -. ~12 1 3 .) *.2 %.. = a * . .3 3 '

.3z 1 2 . 3 ( a Q 3 -' i .3 %' w ;j aZ .j C.2 0 .3 -2 J =2 %

F02 ~ C) 4m .3 ca C3a

z wt -1 z w i -j 4i .Ws. z zwzw-

w4. . 4v4tW" - 1 0- N '. %0 CO a W M t 0 , .0

cuN Nc cm (M c eiwNCuc c' w cu ~NcN ecuJfV

a~~~ di z x ICE z c. a t z z w, a z z C a z.. z 44 zJ odz z 41 .. z wa~

-2 q a G-I. ci Qp r-* =J r_ 2 C2 C.a .0 ci ( 0 Q. .0 C., pt C3 " .a r. u - wC
Q = La m 3.J.LJ3 = = m ~ 12 42 = j.. ,31,JC z *" j ..I.4 j C, J Ch' 2-

*3 .OeC U. g . .Ca4:eggeg2g2;>eg ( 0 ZC- 3 Ca zpe C g la ri%. wC

c 03 Co W, 46, U W S.- = 3 I* 4at a p %) 42 c 0 QF Ag o t. sz w .tc

c r- C. Q f- rm o .CD c2. 3 ' a, a 3QZ .4 a C AW a cj ' . C a d i a
-. 7 it* . IL .1C*. r * V- C r

V4W4 Na at 4 . 4 '.4

% 
s% LA t w 

s C3 a V

'..44 04 01- fj inf'9. ~t ~; f'n 0'~ N. Im. cm. 40 M 0% ff, 4 .4 - 4
%0* C 461 1 1 IDZ ',6 j 66 to 86 gig toj %) C, L 0

N rowN r P 
17



ci32. cl00C .3a f3 'c w ).C .2 4 a;sj ic cci a0 C3 3 -7
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INPUT CARDS

GENqRCRIE-CKS,9 SOMN (12C P2 9 110 2P 21) 75, 1*
SOU,1,,±,Dqm* 9OMeERS ARFIV-=
VAS9 11No 1920U4 91,39 UF 9i, 49C0~t9 99COP 19 8 UF,± 71
REG,2, 1 ,iAt
ACT, 1, 2 r

ACT9 29 3 19t 9 A, GE. 23 LAST BOMBER AIRIVES
REG93ti,±.
ACT, 1, 4,, 11
ACTsiv 5-
REG, 49 1,1 Pi l

ACT ,4, 1., AT v 3, 9 9 A3 .LE. 14 r
REG99,1i LN')ETECTED B04SERS
REGt5, i ,±
DEF, 16
REG,6,iP. 1,As'

VA So 54 9UF,54,95,sUP ,±5 9E ,UN p 3
ES N*
DUP, Z*
DUP, 3'
DUP94*
OUPv5*
OU P, 61
DUP9711
DUP,8*
DUP,9*
Dupoil*

0UPj12*
DUPY 13v
OUP, £4'
DUPqi5*

DUP,1?"

DUP, 1.9

DUP, 2 v

LI N959 6/r, vUF t1,, 4£ ED .3-
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LIN,5, 6/69,UF,4,, , oA i. EO.6*
LIN,5,6/7,UF4j,,, AleEO#7-

LIN56/iiUF4,,,, Al. EO.±

LIN,5, 6/9 9 U j4, , v , l E.9
LIN95,6/i5,UF,1.,,,Al.EO.15-
LIN,5. 6/Ilq UF,4,, ,A1. EQ. j54

LIN,5,6/12,UF,4,p,,Al. £0.13;

LIN9 59 6/17 ,UF,, qLIv , Al. EQ. 0-

LIN,56/59F49 Ai.,E0. 15

LIN,616 9U ,,,,l E0.i

LINt5v/l,7,8 , , ,, l EN' .7

LIN,5q/i8q, ,,, ,,1i31..N'

LIN,6/iO8, , , , Eei
LIN139/78 ,,,,3 oN' 9pv9 l s2
LINs 6/198 9 9,,9,,N2.N*

LIN, 6/4 986 , , , N4 .N

LIN96/5vv2qiN5*,

LIN,6/7f,,t,,, ,N

LIN,6/9,7, ,,,, 01.N

LIN,&/ib,? , p ,, iN

LI~j6i~p5??f993140



* PARP 39 q-iIV*
REG97g1,±' BOMFER KILLEDALCM NOT LAUNCHED
REG,8q±IlAH- AL M LAUNCHED
VAS,8,±,CC,4!',2.,JF~i6,!,UF,5- ALCM LAUNCHED
ACTP8966,,,,,,A3.GE.4CxZ. ALCM NOT DETECTED
REG66,I11 AL^# M SURVI VES
ACT,8t67,ATq3,,,,A3*LT*40O * ALCM DETECTED
REG67iqiF* is ALCM MISTAKEN FOR BOMBER ?
ACT*6?,1:,,,,,.@5 YE-S, IT is

* ACT967tE5,,,,,.5', NO, IT ISNOT

VAS,68, , igcog 35*
ACT591"

QU~qlq~3.,qS/l6LqfL9"PENETF.ATORS WITHOUT Al AFTER THEM
VASji-v,5PUF,2EfJF, 3-

ACTtiiP75Pv,,,,,A5*LEe.L" NO TIME TO ASSIGN Al
AC~q~q4~qqqqvA*GT*i4- INTERCEFT WILL BE ATTEMPTED

SOU945*

ACTq129i39UF,2e4

ACTt45 ,12,
ACT45g±2pCC,.i-
ACT,45 ,i29CCP*2'
ACT,453,12,CC,.3-
ACT,45,i 12,CC, .4-
ACT,45ti2pCC9.5'
ACT,-+5r12tCOq.6-

ACTj45, 12vCCq.7
ACT945 P12vCOP e8

ACT,45, ±2pCC ,2t9*
ACT,45 ip~tc

REG,63, 1,1' C*2

REG,15,igi4

VAS,6 P5 , 7, D,
ACTJ639 64C eI

VA~p197+vCplq-j14qi



f REG.1?tItDA*
VAS,17t OUFE*

ACTtiT,±3,UVqi2,,,,A8*LE@45* SEND REPLACEMENT Al

REG,.L8qt,±

ACT,92943, 1,±1it5.';

VAS,43,7,UF, I- -ACT,43146,AT ,5*
REG,'.69 ItIA*

ACT, .3p47A

REGt47v,,i*

ACTP4'i ,
ACT,467191999A~sG,65*TERCEPT PT IN COVERAGE

ACt64j~vp%5L.~ tJ"ERCEPT OUT OF COVERAGE

VAS,.48 s9,UF,7, 1 -UF,980
ACT,48,7i,,,,,g4  0EGRV3E IN.TERCEPT PROBABILITY
AC98~jjqj: OESRADE MAKES PENE-7RATOR SAFE
REG143tiipPo DOSS FT SEE BOMBER

VAS,?±, 11, LF, ,li2,UF,1 22l$F$3i9t218U25ip152;UF7'

ACv913vtlf ENGAGSMENT WITH 801I FIRST SHOT
AC~y4.-5!tq#PIZ%%ENGAGEMENT WITH AA'1 FIRST S14OT
AC~p3t~fvpjj3$NO ENGAGEIENT

ACT,51965-

REG, 52. I,i
ACT,5ite..a
REGt65ti,1 ,A-
VASt65vICO p~q7,JFsi3'

ACTt65t52, , , ,, ~ eA8

ACT952si3,UFqi±a
ACT95L46?" ATTEMPT TO REASSIGN AI TO SCMEER

PEG953,i,1,F- 130ES 801wBER HAVE BDMS
IES czOMS
NO sOtms

REG5',.i,1,P- 10P4BER SHOOTS FIRST
VASt5Li,4- qC, .4 .1E ES 3~

B13 4E;. '4ISSES ON FIRST SIOT
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ACTv55,5ifCOqif,,IF* Al MISSES BUT RETAINS C04TACT
ACTq5556,CCli,,,16* Al PISSFS AND LOSES CONTACT

ACT95959tvspi~fFIGHTER KILLS BOM9ER, FIRST SHOT
REG9569191,F* DOES EOMBER HAVE A 8DM
ACT,56,57,p,,,,A4.GT.Cf YES HE HAS A 8DM
ACT156958199999A..LE.,-1 OARN NO POMS
REG,9T,±1ip* BOk18Eq SHOOTS
VAS95794-,COti* ONE LESS 8DM
ACTq57,6 ',,,,,I7F BOMBER KILLS FIG.HTER
ACTq57q58q,,,,13# BOM IAISSESAX ON SECOND PASS
ACT95496'.,,,17v% FIRST SH4OT 8DM KILLED FIGHTER
REG958tiql* FIGHTER SURVIVES
REG959,i,91 4  FIGHTE-R WON
ACT,5595Z- FIGHT=P WILL RECYCLE
ACTP59952' RECYCLE TO BASE
ACT,585,61' FIGHTER GETS THE LAST SHor
REGq61ijIP- DOES HE GET THE SOMBER
AC?16 -vvv NOPE
ACT,6iq6z,,,,,19' Y=S
REG96)qivi9A* IS eO40FR STILL IN AWACS COVERAGE
V AS,866UF,3* CALCULATE TO SEE
ACT,6),1,-CO,.i,,,,A6.GE.1* PENETRATCR IS STILL IN COVERAGE'

AC~j3s7qvqqqA5L~ei'& PENETRATOR IS SAFE
REG,75 ,ji,8A

ACTpi9,62*
REG,629iilA- WHICH BOMFER GOT KILLED
ACT962#2i,,,,,,Al.E0*lf 93MRER- NUMBER I
AC922999~A*~2 90OM13:R NUMBER 2
ACT,62v23,,,,,,9 p'.i .EO.!'? 30MSSR NUMBER 3
AC T , 6224 9,,v,,, A L, E f). 4 3PIS ER NUMSER 4
ACT t62 p25 9,vvpvAt. E 0. - 130OMlEP NUMPER -1
ACT96292E,,,,q,,v qt*Eae.' 13 OMSTP NUMBER 6
ACI597 t.L*74 30MAEP NUMBER 7
AC9298 stpOMA1BEE,5R NUMPER e
ACT,62929q,,,,,At.EO.3v 9OPSIR NUMBEP S
ACq2~lqqsiE~w- BOM ER NUML4ER I..
ACTq62q31qqtqjq- t.E0.ll* B OM 3 E NUMBER ii
AC To62 #32 9 91 99 vA i. -c .1 Z BOMIER NUM P ER 12
ACT962933,,,,,,1L.EO0.13- BCO3EP NUMeER :13
ACp29L v 8 ,r CM ER NUMEBER 14
ACj23qqjq*Ql& 3 0'1 ER NUMBER 15
ACj23vjq~.f.5 e OM 0ER NUMBER If
ACT,62937qq,,,,Ai*Ef',.iT' BOP3ER NUMBER :17
ACT,629381,,,,11,,A i. ECB Oe1 B9CM ER NUMBER £8
ACTv62939,,,,,,4L*1EO.U* 3 OM9ER NUMBER 19
ACT,52.4' ,, 9 Aj.E.MV BOM9ER NUMBER 20~
RE G,21 .1,1'
REG, 22,il
REGZ3, itl*

REG,249,,:

REG, ltl
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REG9279±,i*
REG, 28 ,i1, 1
RSG, 29, 1,*

REG931, 1,14
REG, 32,1,1.4
REG03,1,
REGP3'.,ipl 4

REG, 35 , 1, 1

REG, 38 , 1, 1

RE G , 39t, 1

ACTp21t412
ACT9229"i'g
ACT923,4i*

ACT, 25, 4±
ACT925,4i'

ACT927941*
ACT928,4i'
ACTiZ994i
ACTq 3-- 9L *
ACT, 131 ,4±'
ACT, 32,411'
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1 2 2' 268 132 278
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